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ABSTRACT

Audio frequency complex impedance measurements have been
carried out in vacuum over the temperature range 5.5-300 K on three types
of naturally occurring calcite samples. The measurements were made with
the electric field perpendicular to the cleavage planes and both parallel and
perpendicular to the ¢ axis. All materials exhibit a 1000 Hz relaxation peak
parallel to the optic axis with a peax position of about 38K. This relaxation
is strongest in the Swakopmund (blue) calcite and appears to be associated
with an yttrium-(CQO3)-3 ion pair. The Gallatin (yellow) and Iceland Spar
(clear) samples show a relaxation at very low temperatures perpendicular
to the ¢ axis (7K at about 1000 Hz) which exhibits characteristics of a
tunnelling phenomenon that is attributed to proton motion. Five other
relaxations are observed and their possible origins are discussed.
Determinative analysis of the calcites was performed by using the
following experimental methods: X-ray fluorescence, atomic absorption,
optical absorption, neutron activation analysis, Fourier transform infrared
analysis, and radiative bombardment. The theory, techniques, and results
of these methods are briefly discussed. Finally, dielectric analysis of
vanadyl phosphate dihydrate has additionally been performed. The effect
which the hydrates had on the dielectric properties of the material is

discussed.
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1. INTRODUCTION:

In its various forms, calcite is one of the most widely distributed of
minerals. It is a major constituent of the sedimentary rocks and a minor
constituent (of secondary origin) of the igneous rocks. Deposited in caves
by lime-bearing waters, calcite takes the form of stalactites, stalagmites,
and crystalline encrustations.! Additionally, metamorphic marble and
limestone both consist of very small interlocking calcite crystals.2 Although
it has drawn some minor technological interest as a stable birefringent
material with a high dielectric constant, the majority of research involving
calcite over the past few years has focused mainly upon the anisotropic
crystalline properties of the pure material. A systematic study of the defect
complexes has not been conducted up to this point. Such a study wouid be
of great geological interest since the presence of defects in natural minerals
is inevitable. A knowledge of their characteristics would help to describe
their properties. The objective of this research was to examine and study
the nature and configuration of the more prevalent defect complexes that
commonly occur in a variety of calcite samples. Theoretical models for
the complexes have been postulated.

A number of different analytical techniques were employed in the
investigation of the defect complexes in calcite. Dielectric relaxation
measurements comprised the heart of this project. Other analytical
techniques used will be treated as separate experiments. The role which
each of those experiments played in the grand scheme of postulating defect
complexes will be brought together in Section 8.6, which discusses the
experimental evidence that led to the postulation of specific defect

comple~es.




Additional dielectric studies were performed on vanadyl phosphate
dihydrate in order to quantitatively and qualitatively determine how the
hydrates affected the properties of the vanadyl phosphate. This work was a
small part of an ongoing study conducted by Joseph F. Lomax, Chemistry
Department, U.S. Naval Academy, on the characteristics of ion movement

in vanadyl pnictates and their intercalation compounds.

2. CALCITE BACKGROUND:

In its pure form, calcite is a colorless uniaxial substance having

nearly parallel dispersion curves, a very high negative, and a space group
of D_gd.[3] Its structure consists of alternating planes of Ca+2 cations and

(CO3)2 anions. The (CO;3)~2 anion is a trigonal planar arrangement of a
carbon atom surrounded by three larger oxygen ions. Both ionic planes
are perpendicular to the crystallographic ¢ (optic) axis [0001] and therefore
exhibit nearly perfect rhombohedral cleavage. This is attributed to the fact
that bonding forces are weak across the planes parallel to the faces of the
crystal thombohedron.# The cleavage face is in the [1011] plane, and its
normal intersects the c axis at an angle of 44°36". Figure 2.1 shows both
the true primitive cell and the cleavage pseudocell of calcite. The primitive
cell is the smallest naturally occurring microscopic building block of the
calcite, and the cleavage pseudocell is the macroscopic structure which
results when large numbers of primitive cells join together. Naturally
occurring calcite cleaves from Montana (Gallatin Mountain), Southwest
Africa (Swakopmund), and Mexico (Creel, Chihuahua) were obtained from
Ward's Natural Science Establishment, Inc. of Rochester, New York.




Figure 2.1. The crystal structure of calcite. The elongated cell showing
the carbonate and calcium ions is referred to as the true primitive cell of
the crystal. The thombohedron is referred to as the cleavage pseudocell of
the crystal.
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The Swakopmund samples were of a bluish-white marble color with an
opaque nature; the Mexican samples were of the clear Iceland Spar variety;
and the Gallatin samples were of a faint yellow color with only a slightly

opaque nature.

X-RAY FLUORESCENCE:

3.1 Introduction: X-ray fluorescence operates on the principle tha
elements will emit radiation in the form of X-rays when they are excited as
described in the following section. These radiations can then be used to
deduce both the type and concentration of trace elements present in various
samples. Present X-ray spectographs are capable of detecting elemental
concentrations of several parts per billion.5 X-ray fluorescence is a very
rapid experimental technique with many advantages. It is non-destructive
and extremely amenable to automation. However, in this case X-ray
fluorescence will be used as a very rapid method of determining the
elementary impurity makeup of the calcite samples.

3.2 Theory: When an atom absorbs a sufficient amount of energy,
excited electrons may be ejected from its innermost shells. These vacancies
are filled by electrons from the outer shells within a time period of about
10-15 seconds. In the process of transiting to the inner shell, the outer-shell
electrons will give up energy in the form of photons of electromagnetic
radiation. In the X-ray region, the wavelength of these photons typically
ranges from 0.1 through 70 A. The energy and associated wavelengths of

the photons are given by the relationshipé:
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E= EOUTER"EINNER|=D’7CC‘ (3.1)

where E is the photon energy, ¢ is the ‘velocity of light, h is Planck's
constant, and A is the wavelength of the secondary X-radiation generated.
The X-ray spectrum is divided into different series. They begin with the
K, L, M, N, . .. series which results from vacancies spaces in the K, L, M,
N, . . . shells, respectively. The relative intensities of the emission lines
from a given series are a result of different transitional probabilities.
Usually, the rransitions are represented by lines on an energy level
diagram. The wavelength of a characteristic line is related to atomic
number Z by Moseley's Law:

=K(Z-0)’ (3.2)

1

A
in which K and ¢ are constants which depend upon the particular series of
radiation.6 Because the electron energies in the atoms of a certain element
are fixed, E may only assume a limited number of values that are
characteristic of each element. The identity of trace element impurities are
determined in this way. Additionally, the relative intensities of different
lines provide information on the concentration of trace impurities.
Mixtures of elements will produce simple additive spectra.

3.2 Experiment: Non-invasive X-ray fluorescence analysis was
performed using a Kevex 0750 unit. The X-ray beam was collimated to 6
mm. The unit was configured for a molybdenum target. Barium served as
a secondary target. The voltage was set a* 60 kV, and the current was 40
mA. Irradiations were performed at the Scientific Research Department of

the National Gallery of Art in Washington, D.C. Irradiation time for each
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Figure 3.1. The number of counts per channel versus energy in keV of
characteristic X-rays in the Swakopmund calcite. The sample was

bombarded with X-rays using a barium target for a time interval of 527
seconds.

11




12

sample varied from 240-600 real-time seconds. Samples were irradiated
only long enough to be able to distinguish characteristic emission lines
from background counts. Therefore, only qualitative analysis of the
elements was possible.

3.3 Results: Figure 3.1 shows the resulting plot of the number of
counts versus energy for the Swakopmund sample using a barium target
crystal. The energy values and corresponding line transitions are listed in
Table 3.1. Similar plots were constructed for the Iceland Spar and Gallatin
samples. The very narrow, very high peak on the left of the spectrum
corresponds to calcium. The two broad peaks to the right of the spectrum
result from Rayleigh and Compton scattering of the incoming X-ray beam
by the sample.5 The peaks seen in the plots represent characteristic

electron transitions in the atoms of the samples.

Table 3.1. Characteristic X-ray fluorescence energy values and
transitional lines seen in Swakopmund calcite configured with a barium
crystal target. The sample was irradiated for 527 seconds.

Energy Transitional
Element (keV) Line
Yttrium(Y) 2.369 Liop
Argon(Ar) 3.191 Kg
Barium(Ba) 4.828 Lg!
5.531 Lyl
Nickel(Ni) 7.460 Ka?
8.264 Ka!
Strontium(Sr) 14.097 Ka?
15.834 Ks!
Rhodium(Rh) 20.214 Kal

23.169 Kg?
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Collectively, trace amounts of argon, yttrium, manganese, zinc,
copper, nickel, iron, strontium, barium, molybdenum, and rhodium were
determined to be present in the samples. However, the argon, barium, and
molybdenum peaks observed in the spectra probably were not caused by
the presence of these elements in the samples. Transitions for argon
appeared as a result of X-rays interacting with the air surrounding the
sample target. The barium and molybdenum transitions result from the
respective target crystals used in the experimental apparatus.” A listing of
the elements found in each calcite sample is given in Table 3.2. Only
strontium, nickel, yttrium, and iron appear in all three samples.
Additionally, each sample possesses one unique impurity which no other
sample shares. This impurity is rhodium in the Swakopmund sample. In
the Iceland Spar and Gallatin calcites, the unique trace impurities are zinc

and manganese, respectively.

Table 3.2. Trace impurities found in Swakopmund, Iceland Spar, and

Gallatin calcites using X-ray fluorescence. The symbol % denotes the
confirmed presence of the trace element.

Sample Y Mn Zn Cu Ni Fe Sr Rh
Swakopmund e o »* -+ - o
Iceland Spar 4 . * * 4 e

Gallatin » ] »* * 3

3.4 Discussion: Because calcite is a naturally occurring mineral, it is

suspected to have a number of defect complexes associated with its crystal
lattice. More often than not, these defect complexes result from trace
elemental impurities incorporated into the lattice when the crystal forms.

Although X-ray fluorescence may be a useful quantitative tool when
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performed and analyzed in a very precise manner, for the purposes of this
study its use was chiefly limited to qualitative analysis. Hence, X-ray
fluorescence was used to establish a qualitative spectrum of trace elements
present in the calcites. This spectrum was then used as a guideline while
performing much more exact, quantitative methods of elemental analysis
such as atomic absorption and neutron activation analysis.

The spectrum of impurities obtained from X-ray fluorescence agrees
well with published results. Manganese, iron, cobalt, magnesium,
aluminum, silicon$, sodium, lithium, and cadmium? are considered to be
the most common impurities found in calcite. It has already been noted
that the Gallatin calcite is the only sample which contains manganese. As
mentioned in Section 2, Gallatin calcite has a brownish-yellow color and is
slightly opaque. Published results attribute this yellow hue of natural
calcites to manganese impurities.1® Basing expectations on sample color
alone, Iceland Spar calcite was thought to be the most pure of the three
samples due to its clear, colorless appearance. Similarly, Swakopmund
calcite was expected to contain higher concentrations of impurities. The
data appearing in Table 3.2 lends support to this observation. The Iceland
Spar, Gallatin, and Swakopmund samples contain 5, 6, and 7 trace
impurities, respectively.

No cobalt, magnesium, aluminum, silicon, sodium, lithium, or
cadmium has been detected using this technique for two reasons. First and
foremost, X-ray fluorescence was performed in a qualitative, not
quantitative manner. For the purposes of this study, it would not have been
expedient to scan the samples as thoroughly as more precise analysis would
require. The software necessary for data reduction is not on hand at the

U.S. Naval Academy, making extensive analysis quite difficult. Secondly,
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X-ray fluorescence is not the preferred method of detection for many of
the listed elements. Some are difficult to activate through X-ray
bombardment and are more easily detected through other determinative
methods such as thermoluminescence, for example.

3.5 Conclusion: X-ray fluorescence measurements were performed
on all of the calcite samples in order to establish a very rudimentary,
qualitative analysis of elemental impurities. Traces of yttrium, manganese,
zinc, copper, nickel, iron, strontium, and rhodium were identified. This
spectrum will furnish the information needed to conduct more quantitative
analysis techniques that require previous knowledge of sample impurity
content, i.e., atomic absorption. The results of these methods will
additionally be compared to those of X-ray fluorescence to check for
consistency. Similarly, just knowing which element appeared in what
sample will greatly facilitate determining the existing correlations between

dielectric loss and the trace impurities present.

4. ATOMIC ABSORPTION:

4.1 Introduction: Atomic absorption is a powerful tool employed by
chemical analysts to quantify trace concentrations of impurities. The
technique is based on the ability of vaporized atoms to absorb energy from
a characteristic beam of light of suitable wavelength. The percent
transmission or absorbance of unknown atomized solutions are measured
and then compared to those of known standard concentrations to determine
how much of a specific element is present within a sample.!! Previous
knowledge of the sample's rudimentary impurity spectrum is required so

that the proper standard solutions may be prepared. Atomic absorption is
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an ideal technique for calcite analysis because of the small amount of
saniple needed (atomic absorption is a destructive technique). Additionally,
all calcites dissolve readily in nitric acid (HNO3) solutions, which are
typically used in atomic absorption. Based on the results of X-ray
fluorescence and the equipment on hand at USNA, only tests for copper,
zinc, nickel, and iron will be conducted with atomic absorption.

Typical absorption spectrophotometers are comprised of three main
sections: the light source, the absorption flame or furnace, and the
wavelength s:lector and detector. The light sources are usually hollow
cathode lamps capable of producing a line spectrum specific to the element
being determined. Each element being analyzed requires its own lamp.
The absorption flame or furnace functions to atomize the sample solution.
Flame or furnace methods must be as constant as possible to produce
reliable results. Wavelength selection and detection is accomplished by
either an optical grating or a prism and a slit system. Only a narrow band
of wavelength will reach the detector for final transmission. This
minimizes the effects produced by the general absorptivity of the flame or
furnace. Detector units incorporate photomultipliers to produce a digital
output.’

4.2 Theory: Atomizing fumaces produce analytical signals which
are transient in nature. Two parameters may be proportional to the
amount of analyte: the peak height or the peak area. Peak area will not be
discussed. Peak height refers to the magnitude of the highest part of the
output signal observed with time during the atomization portion of the
cycle. A typical furnace atomic absorption signal may be seen in Figure
4.1.
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Figure 4.1. A typical atomic absorption signal resulting from furnace

atomization.
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For the absorbance peak height:

Npeak = (Nota/t1) {1 - exp(-t1/t2)} (4.1)

where Npegi is the number of analyte atoms present at the peak signal, and
N, is the number of analyte atoms injected into the furnace. The
atomization time and the residence time of the analyte atom in the
observation volume are represented by t; and tp, respectively. If t;/t; << 1,
then:

1 - exp(-t;/t2)) = t1/t2
implying that

Npeax = N (4.2)

and therefore a peak height measurement is valid as a measure of the
amount of analyte in the sample.!2

4.3 Experiment: All glassware used was washed once with soap,
three times with distilled water, three times with de-ionized water, once
with 1:5 HNO;:H,O, and then three times with de-ionized water, in that
sequence. De-ionized water having a resistance of no less that 10.0 MQ
was used for all dilutions throughout the duration of the experiment.
Standard solutions for iron, zinc, nickel, and copper were prepared by
dissolving specific amounts of the respective elements in HNO; and then
diluting to a desired concentration. Table 4.1 lists the concentrations of the

standard solutions used.
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Table 4.1. Concentrations of the standard solutions used in atomic
absorption. All solutions were made with nitric acid.

Concentrations

Element (x 10-10 g/mL)
Fe 30, 2, 0.3
Ni 30, 15, 2
Cu 8, 5, 0.2
Zn 0.1, 0.05

Solutions of Iceland Spar, Gallatin, and Swakopmund were made
similarly by dissolving 0.9862 g, 0.6480 g, and 1.0151 g into 10.0 mL of
1:5 HNO;:H,0, respectively. The solutions were diluted to concentrations
which fell within the working range of the spectrophotometer used.

The experimental apparatus consisted of an Instrumentations
Laboratory Inc. fully automated IL755 furnace atomizer and IL857 aa/ae
spectrophotometer. The IL857 was used in double beam mode. Five
experimental runs were performed with each unknown and its respective
standard to produce mean absorbances. The furmace atomizer and the
spectrophotometer were configured for instrumental parameters listed
elsewhere.!! All manual injections were made into the furnace in 25 pL
aliquots using 20 and 5 pL fixed volume syringes. Absorption of the light
beam occurred within pyro-coated graphite tubes. Separate "blank" runs,
using de-ionized water, were made for each element being analyzed. The
blank runs functioned to adjust the electronic circuitry so that zero
absorbance was correlated with zero concentration.

4.4 Results: From the mean absorbances of the standard solution

data runs, plots of absorbance versus concentration were constructed for
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each element being tested. The plot for nickel is shown in Figure 4.2. The
straight line is a least squares best fit to the plotted data. Trace impurity
concentrations were determined graphically using the concentration curves
and the known absorbances of the calcite solutions as the entering
arguments. The final impurity concentrations were converted into ratios
of moles of the trace elements to moles of calcium carbonate. The results
appear in Table 4.2. The highest concentration of nickel and zinc appear in
the Iceland Spar calcite. Swakopmund and Gallatin calcite had the highest
concentrations of copper and iron, respectively. Since the results of X-ray
fluorescence showed no zinc to be present in the Swakopmund or Gallatin
samples, no tests were even performed for zinc with respect to those
samples. The same is true of the copper impurities with regard to the

Gallatin calcite.
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Concentration Curve for Ni

0.5

% Absorbance

OO L LS ]
0.00e+0 1.00e-9 2.00e-9 3.00e-9 4.00e-9

Concentration

Figure 4.2. Absorbance versus concentration of standard nickel solutions
to be used in determining the nickel concentration of various calcites. The
standard solutions were prepared using HNO3. The least squares best fit
line 1s shown.

Table 4.2. Mol (impurity) to mol (calcite) ratios of iron, nickel, copper,

and zinc resulting from atomic absorption measurements of Iceland Spar,
Swakopmund, and Gallatin calcite solutions.

Ratio of mol(Xx) to mol (CaCO3) {x 1077}

Sample Fe Cu Zn Ni
Iceland Spar 6.1377 0.3473 1.5567 110.21
Swakopmund 7.2832 10183 e 81.877

Gallatin 17.632 e e 62.489
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4.5 Discussion; Published atomic absorption sensitivities for copper,
nickel, and iron are on the order of 0.1 parts per million. Zinc has been
reported to be detected down to the 0.01 parts per million level.13 All
concentrations calculated through atomic absorption fall well within this
minimum sensitivity range. Nevertheless, such results should be
interpreted very cautiously. As seen in Table 4.2, many of the
concentrations are very close in magnitude. Some additionally differ from
published concentration values. In the case of iron, for example, the
difference is greater than one order of magnitude.®

When performing atomic absorption, one's technique greatly
influences one's experimental results. A perfect example of this occurred
when testing for zinc in Iceland Spar calcite. While making syringe
injections into the graphite furnace, I had absent-mindedly neglected to cap
the flask of calcite solution. Unfortunately, construction workers were
drilling holes into the cinder block just outside the laboratory. Cinder
blocks contain appreciable amounts of zinc. In the time span it took to
perform one sample run (2-3 minutes), the zinc absorption of the solution
had increased by 100 times due to contamination from cinder block dust in
the air.

However, the fact that calcite forms naturally may also account for
the discrepancies observed. Because there are such a vast number of
natural calcites, each having different physical properties that can be
distinguished with the naked eye, one certainly should not expect them all
to have roughly the same impurity concentration. Unfortunately, no
organized research regarding the impurity spectra of differing natural
calcites has been undertaken to this date.

4.6 Conclusion: It was hopec that atomic absorption performed on




the samples would provide a precise impurity concentration to be used in
conjunction with the results of dielectric relaxation. Thus, a correlation
between impurity content and defect complex properties might then be
established. However, the results exhibit poor agreement with published
values. Because of the precise experimental technique needed and the many
variations of natural calcite samples in existence, the resulting
concentrations deduced from atomic absorption are not considered to be
very conclusive. Further experimentation with different analytical
methods such as optical absorption and neutron activation analysis must be
performed. These results can be compared to previous results (aiomic
absorption and X-ray fluorescence) so that some type of conclusive

evidence regarding impurity concentration may be found.

S. OPTICAL ABSORPTION:

S.1 Introduction: Crystals and glasses appear colored because they
absorb one or more bands of light whose wavelengths lie in the visible
spectrum. When white light is passed through colored crystals and then
analyzed by a spectrometer, parts of the original light profile will be
"blacked out." These portions correspond to the bands of wavelength
which were absorbed by the crystal. By measuring the wavelength at
which the absorption occurs, the energy may be calculated and possibly
correlated to some type of impurity vibration. In some materials, color
may be related to the presence of certain impurity mechanisms; in other
materials, it may not. Calcite is a perfect candidate for analysis by optical
absorption. Samples may be ground thin enough to allow light to pass

through the more opaque crystals. Optical absorption is a very rapid,
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accurate, nondestructive technique. The results from this experiment
should establish whether or not some of the color mechanisms in calcite are
related to impurity content.14

5.2 Theory: Light absorptions result from electronic transitions
between permitted atomic or molecular energy levels. These electron
"jumps" are not very intense because light in the visible and ultra-violet
region has a rather low associated photon energy. Jumps will primarily
occur among the outermost molecular or atomic levels. These are the same
valence levels which are associated with the chemical bonding of the
material. Only the highly characteristic nature of these transitions and
associated wavelengths allows the property of color to be employed for
atomic or molecular identification.5

Molecules or atoms can only emit or absorb radiation if their
intrinsic energy falls within the specific parameters of some limiting value.
Systems of absorbing and/or emitting atoms are assumed to be in a state of
dynamic equilibrium. The energy distribution among these atoms is found
through the application of Boltzmann statistics. At any temperature, a
fraction of the atoms will be in low energy states capable of absorption,
and a fraction of the atoms will be in high energy states capable of
emission. However, the actual number of atoms that emit and absorb
radiation at one instant in time is very small compared to all which are
capable of doing so. The number of atoms which do emit or absorb
radiation always remains the same for a given system under a set of
imposed conditions. Such consistency makes it possible to use optical
absorption as an extremely quantitative and comparative tool.>

Spectrometers generally measure the extent to which liquid, solid, or

gaseous materials absorb light of different wavelengths. Light which
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successfully passes through the sample is collected and compared to the

intensity of light incident upon the sample by the relationship:

L =1e*" (5.1)
where I, and I, are the intensities of the incident and transmitted light,
respectively. Sample thickness is denoted by x, and x is a constant known
as the absorption coefficient. The absorption coefficient is that value by
which the fractional reduction in intensity, I /I, is equal to e-X for each
unit of thickness.!4 Light beams used in optical absorption have a selected
wavelength and a very narrow waveband.

5.3 Experiment: Measurements were performed using a Varian
Model 17 Spectrophotometer scanning wavelengths over a range of 350-
650 nm. The scémning rate was 0.5 nm per second and the scanning
sensitivity was 15 nm per inch. Measurements were taken at both liquid
nitrogen and room temperature. A Cryogenics Associates CT-12 dewar
equipped with mylar windows was used for low temperature analysis.
Extensive dewar modification was required before it could be used in
conjunction with the spectrophotometer. Measurements were performed
on both the Swakopmund and the Iceland Spar calcites. The samples were
oriented so that the incoming beam ran either perpendicular and parallel to
the optic axis. The platelet shaped samples used had already been analyzed
dielectrically (another non-destructive technique to be described in Section
8). All samples were ground to a thickness of under 0.80 mm and were
polished using 1.0 um diamond slurry polishing compound.

2.4 Results: The results of optical absorption were null. In other

words, no new information was gained about the impurity content of the
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samples as a result of this experiment.

5.5 Discussion: Swakopmund was the first crystal to be analyzed.
Plots of absorbance versus wavelength were constructed. Because of the
sample's blue color, a rather strong absorption band was expected to be
observed at or about 600 nm, which is roughly the wavelength of
orange/red light. No characteristic absorption bands were observed at all.
The mean absorbance over the scanned range varied from 70-80 per cent
and was quite noisy. Assuming that the noise was caused by the vibrational
motion of atoms in the crystal lattice at room temperature, readings were
then performed on the Swakopmund sample at approximately 78 K. The
results were the same.

Hence it was assumed that Swakopmund calcite was entirely too
opaque to produce any significant results, even when it was ground to such
a delicate thickness. Next, data was acquired on Iceland Spar calcite at
liquid nitrogen temperatures. Once again, no characteristic absorptions
were seen. The mean absorbance of the incident light dropped to
approximately 10 per cent in the Iceland Spar calcite. This is attributed to
the clear, colorless nature of the sample. Room temperature readings
yielded the same results. Experimental procedures were terminated at this
point. Although the results of optical absorption analysis were null, they
do in fact agree with published results. Studies performed by Lapraz in
1976 have concluded that no significant absorption bands were detected at
290K or 77K for calcite single crystals similar to the ones used in this
experiment.?

3.6 Conclusion: The results of this experiment have shown absolutely
no correlation between those for either atomic absorption or X-ray

fluorescence. No significant absorption bands were observed at either
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liquid nitrogen or room temperatures. It has been concluded that the
mechanisms responsible for color in Swakopmund and Iceland Spar calcite

have little or no association with the sample's impurity content.
6. NEUTRON ACTIVATION ANALYSIS:

6.1 Introduction: More information about the impurity content of
the calcites is needed. The results of atomic absorption only provide some
inconclusive information regarding four elemental impurities. A much
wider spectrum of impurities needs to be investigated, and the
reproducibility of previous results needs to be evaluated. Neutron
activation analysis was employed to accomplish those two objectives.

Experimental procedures involve bombarding a sample with a flux
of neutrons. When the incoming neutrons interact with the nuclei of the
sample, radioactive nuclides are formed. These nuclides will decay with
the emission of characteristic radiation at a rate which is well defined for
each type of nuclide. Knowledge of the energy emission spectrum and the
half life will permit the unambiguous identification of elements that were
originally present within the sample at the parts per million level.!5

6.2 Theory!é: Activation analysis is based solely upon the
interactions of the nuclear force. Entirely unrelated to any chemical
properties the sample might possess, activation analysis depends chiefly
upon nuclear properties such as nuclear cross sections, half-lives of the
product isotopes, and energy emissions of the product isotopes.

In most generators, neutrons are produced when tritium reacts with

deuterium to produce helium as shown in Equation 6.1:

H +7H— §n +5He (6.1)
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Typical neutron energies range from 13.4 - 14.7 MeV .17
Some of the radioactive samples will emit yrays after being

irradiated. The characteristic emission energy of the decaying
radionuclides will appear as a peak (commonly referred to as a photopeak)
on a plot of counts per channel versus channel number. The number of
decay counts under a specific photopeak, known as the integral value

(INT), is given by the relationship:

INT=eAN"Qf f,1 (6.2)

where ¢ is the detector efficiency, € is the solid angle subtended by the
detector, and t; is the counting time. The terms f; and f4q both refer to
decay corrections which are exponential functions of the decay constant,
the counting time, and the decay time. Decay constants are represented by
the term A:

A=In2
tir (6.3)

where t; denotes the half-life of the radionuclide produced. The term Nir
represents the number of radioactive atoms present after irradiation has

occurred and may be expressed as:
i _ A
N =(NyV) 0,0 (1 -e ‘c) 6.4)
where N, is the initial density of the atoms whose concentration is to be

determined, V is the volume of the sample, 0, is the cross section for the

reaction, and ¢ is the flux of the neutron beam used in activation. Detector
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efficiencies are calculated by the relationship:

g=_ INT
-At
IgetQrt (6.5)

where I, is the initial intensity of the radioactive source (in pCi) that was
used for calibration. The branching ratio is given by q, and the term t in
the exponential refers to the age of the radioactive source. Solving

Equation 6.4 for N,V results in the following relationship:

INT (1 St ‘)
NOV =
eEAQo, 0f fyt. (6.6)

where N,V yields the number of atoms of a specific element present within

the sample.

6.3 Experiment: Irradiations were performed with a Kaman
Nuclear Model A-711 generator utilizing the 3H(d,n)4He reaction. The
generator is of the sealed-tube accelerator type capable of producing in
excess of 1011 14.3 MeV neutrons per second. Sealed-tube accelerator type
neutron generators consist of four parts: a gas reservoir, an ion source, a
lens gap to focus and accelerate, and a target for neutron generation.
Typically, 5-6 kV are used to ionize the deuterium gas. The ions are
accelerated toward the lens with a DC potential of 150 kV. From the lens,
they are accelerated even further by an additional 50 \V.18 Gamma ray
detection was accomplished with an Canaberra model GC2019 solid state
detector.

The efficiency and energy calibration of the detector were calculated
using 54Mn (0.84 MeV), 60Co (1.18 MeV), and 137Cs (1.33 MeV) , and
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annihilation (0.511 MeV) photons. A plot of the energy versus channel
number for calibration is given in Figure 6.1 Each energy bin was 0.515
keV wide. Readings were taken over 4096 channels covering an energy
range of 0-2 MeV.

Ge Detector Calibration
Energy vs. Channel Number

Energy (MeV)

0 1000 2000 3000
Channel Number

Figure 6.1. Energy versus channel number for the Ge detector used in
the Neutron Activation Analysis of calcite. 54Mn, 60Co, 137Cs, and the
annihilation peak corresponding to 0.511 MeV were used as points for
calibration. The line represents the least squares best linear fit.

The calcite samples were placed in a cadmium box and irradiated to

saturation (approximately 15 minutes for the nuclides being investigated).
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Readings of the y ray spectrum were acquired in two 1200 second intervals
with 300 seconds elapsing between each data acquisition period. A 1200
second background run was additionally acquired and subtracted from the
photopeaks according to their specific regions of interest. A Canaberra
Series 95 multi-channel analyzer was used to acquire the data.

6.4 Results: Table 6.1 shows the results of neutron activation
analysis for the calcite samples. The data is normalized to the 1.159 MeV y

ray corresponding to calcium.

Table 6.1. Results of neutron activation analysis for three different
calcite sample types. The data is normalized to the 1.159 MeV vy
corresponding to calcium.!” Dashes denote that a specific y ray was not
detected.

Ener i W n Icel lagin
1.783 472 212 542
1.768 35 19 64
1.755 -- 11 --
1.502 18 20 --
1.464 164 67 248
1.371 Mg -- 20 86
1.335 48 30 79
1.296 Ca 187 167 229
1.278 -- -- 79
1.176 -- 38 --
1.159 Ca 332 332 332
1.128 49 52 --
1.099 46 -- 61
1.028 28 26 -~
0.912 Y 45 19 54
0.848 Mn -- - 103
0.727 75 30 99
0.663 74 39 --
0.652 43 - --
0.610 102 73 238
0.584 -- 49 --
0.512 Zn - 310 -~
0.357 -- -- 122
0.352 - 69 143




32

Because of time and software limitations, only emission energies that were
characteristic to a type of calcite were analyzed. A 7y ray that is emitted by
only one or two of the samples is considered to be "characteristic” in
reference tc a specific sample. The determined impurities are listed on the
table next to their emission energies. Zinc was found only in Iceland Spar
calcite, and manganese was found only in the Gallatin calcite. Yttrium was
observed to be present in all three samples. According to Y ray emission,
Iceland Spar calcite contained the greatest variety of impurities and
Gallatin calcite contained the least.

6.5 Discussion: Neutron activation data is usually analyzed by a
computer, especially to determine which radionuclides correspond to which
gamma rays. Different nuclides may emit y rays of the exact same energy.
In order to remove this ambiguity, different emission spectra are acquired
at different time intervals from the termination of sample irradiation. The

number of counts in the photopeak will follow the exponential decay law16:
N,=N, e*& (6.7)

where N; and Nj refer to the net counts under the second and first
photopeaks, respectively. The time interval between the first and second
counts is At. Thus, by knowing the decay constant of the isotopes, one may
effectively remove the y ray ambiguities. Computer software which
utilizes this method of interpreting emission spectra exists, however none
of it is on hand at USNA. Performing this method without a computer is
very tedious work indeed. This factor is one of the primary reasons why
all of the emission energies have not been determined. Another important

factor that must be taken into account when analyzing the emission spectra
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of the calcites is the branching ratio and cross section of the isotope decays.
One isotope will commonly exhibit a number of y ray emissions. Many of
the emissions will be observed simultaneously for the same isotope. So as
not to associate them with another isotope, the ratio of the number of
counts for the two decay energies of the same isotope must be compared to
the ratio of their cross sections (as corrected by the y yield). If the two
ratios are of the same order, then both emissions are caused by the same
element. Calcium is an excellent example of this. It exhibits two y ray
emissions at 1.296 and 1.159 MeV. For Swakopmund calcite, the ratio of
the 1.159 MeV v ray to the 1.296 y ray is on the order of 1.8. The ratio of
the cross sections corrected by the 7y yield for those decays is on the order
of 1.9. Hence, conclusive evidence exists linking both emissions to the
radioactive calcium isotope.

One final consideration to take into account is that some isotopes are
simply not prone to activation with 14.3 MeV neutrons. Two such
elements are carbon and oxygen. Although there is one carbon atom and
three oxygen atoms for every one calcium atom which exists in the crystal
lattice, none of their decay energies are seen in Table 6.1. The same holds
true for copper and nickel.

The neutron activation data did confirm some of the results of both
atomic absorption and X-ray fluorescence. For example, both neutron
activation analysis and X-ray fluorescence showed the presence of yttrium
in all three samples. Additionally, just as in X-ray fluorescence, zinc and
manganese were observed in Iceland Spar and Swakopmund calcite,
respectively via neutron activation analysis.

6.6 Conclusion: Neutron activation analysis has added extra

confirmation to a significant portion of the results of both X-ray
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fluorescence and atomic absorption. Yttrium impurities were observed in
all three samples while manganese and zinc were found only in Gallatin and
Swakopmund materials, respectively. Of the three determinative methods
employed, the most experimental reliability is associated with neutron
activation. Because of the lack of special software needed for data analysis,

many possible results of the activation data were not determined.

1. FOURIER TRANSFORM INFRARED SPECTROSCOPY:

7.1 Introduction: The infrared region of the electromagnetic
spectrum has wavelengths ranging from 0.75-500 pm. Infrared
spectroscopy is a valuable probe in determining structural data. In general,
infrared spectroscopy is built upon four postulates: 1) substances exhibit
characteristic group frequencies in the infrared region; 2) the absorption
spectrum of a given substance is generally specific for that and only that
substance; 3) the absorption spectra of mixtures are generally additive, i.e.,
the sum of the individual spectra of the components; and 4) the intensity of
an absorption band is related to the concentration of the substance that
absorbs the incident radiation.!® "Fourier transform" refers to a specific
technique used in infrared analysis to circumvent the inability of infrared
detectors to accurately measure both the frequency and intensity of
infrared radiation.

The decision to perform infrared measurements on the calcite
samples was a direct result of what appeared to be quantum tunneling
phenomena revealed by dielectric relaxation measurements (see Section 8).
Tunneling is often associated with protons. Protons (hydrogen atoms) are

primarily found in water molecules and hydroxide ions. Infrared
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spectroscopy is one of the best non-destructive methods available for the
detection of water within materials.

2 Theory:2° Fourier transform infrared spectroscopy operates on
the principle that information obtained from infrared frequencies may be
converted to audio frequencies. Audio frequency detectors and electronics
are capable of tracking both frequency and intensity parameters. Typical
FT-IR spectrometers consist of three components: a source, a Michelson
interferometer, and a detector.

The Michelson interferometer is composed of a beam splitter, a fixed
mirror, and a moving mirror. Collimated radiation from the source is
split into two beams of roughly equal energy. One beam is directed to the
fixed mirror while the other is directed to the moving mirror. Both beams
reflect from the mirrors and recombine at the beam splitter. Depending on
the position of the moving mirror, the beams will interfere either
constructively or destructively. This resultant beam is then passed through
the sample on its way to the detector resulting in an interference pattern
that is a modulated cosine wave. The frequency of the modulated wave is
determined by the velocity of the moving mirror. Mathematically
speaking, the Fourier transform of a single frequency is a cosine wave.

Thus, the irterferometer encodes the initial frequencies into a form
the detector can monitor with time. This 1s accomplished by optically
taking the Fourier transform of the incoming signal. An inverse Fourier
transformation is then performed to convert the time domain to the desired
frequency domain for the final presentation of the infrared spectrum.

1.3 Experiment: A Nicolet Model 740 Fourier Transform - Infrared
Spectrometer was used to acquire plots of absorbance versus wavelength

for all three of the calcite samples using the potassium-bromide pellet
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method. This method entails grinding the samples into a powder.
Potassium bromide was added, and the mixture was evacuated in a die and
pressed into a pellet by applying a pressure of 15 tons per square inch for
10 minutes. Scanning was performed in the near infrared region over
wavenumbers ranging from 4000-500 cm-1.

7.4 Results: Six infrared absorption bands were observed in all three
calcite samples. These bands appear as peaks on plots of absorbance versus
wavenumber, such as the one shown in Figure 7.1 for a potassium bromide
pellet containing Iceland Spar calcite. The bands appearing at 713 cm-1,
873 cm-!, and 1417 cm-! are all associated with the carbonate anion that
makes up the crystal lattice of calcite. The absorptions are correlated to
the carbonate ion's asymmetric bending mode, out-of-plane bending mode,
and asymmetric stretching mode, respectively.2! The 2513 cm-1 band and
its associated shoulder peak at 2582 cm-! correspond to the presence of
bicarbonate ions. The rather wide hump centered at about 3500 cm-! is
commonly attributed to the stretching mode of the hydroxyl ion.22
Additionally, other minor bands were observed at 1800 cm-1, 2274 cm-1,
and 2282 in Iceland Spar calcite. Their identity has not yet been
determined. Mid-infrared spectra of potassium bromide pellets containing
the other two samples were found to be quite similar to that of Iceland Spar
calcite.

In order to quantify the above absorptions bands, the area under each
of the peaks was integrated via Nicolet Systems software. The strength of
the peak is directly proportional to the concentration of infrared-absorbing

species present in the crystal. Ratios of each band were then calculated
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Figure 7.1. Absorbance versus wavenumber (cm-!) resulting from a
mid-infrared scan of a potassium bromide pellet containing Iceland Spar
Calcite. Absorption bands appear as peaks.
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Table 7.1. Relative peak ratios of hydroxyl and bicarbonate ions
referenced to the characteristic carbonate band appearing at 713 cm-1.

Sample Hydroxyl Ion Bicarbonate Ion
Iceland Spar 0.980 1.719
Gallatin 0.967 1.838
Swakopmund 0.474 1.380

with reference to the characteristic band of carbonate uccurring at 713
cm-l, The results for hydroxyl and bicarbonate ions are given in Table
7.1. The table clearly demonstrates that there are more hydroxyl ions and
more bicarbonate ions in the Iceland Spar and Gallatin samples than there
are in the Swakopmund sample. Additionally, the ratios of each absorption
band are roughly on the same order of magnitude in both the Gallatin and
Iceland Spar samples.

7.5 Discussion: Although the hydroxyl concentrations appear to be
more consistent than those for the bicarbonate ions, certain factors still
must be taken into account. The most significant factor affecting hydroxyl
impurities is the environment. Where and under what conditions a type
calcite is formed will have a profound effect upon its hydroxyl
concentration. If it forms in a rather moisture rich environment, then that
sample will exhibit a much greater hydroxyl ion concentration than one
which was formed in drier surroundings.

Even though the environment does not have such a profound effect
upon the bicarbonate ion concentrations, the data regarding those
concentrations is considered to be slightly less conclusive than that of the
hydroxyl ion. This is primarily attributed to the variations which exist

from sample to sample. Notice they are less consistent than the variations
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observed with regard to the hydroxyl ion.

Although not shown in the results, the intensity ratio of the 713 cm-!
band to the 870 cm-!band was almost precisely the same in all three
samples. Because both of these absorption bands are internal standards of
calcite, it was assumed that the peak ratio method of quantitative analysis
was a valid method of comparison.

7.6 Conclusion: The Gallatin and Iceland Spar samples have almost
the same concentration of both hydroxyl and bicarbonate ions. The
concentration of the same ions is significantly less in Swakopmund calcite.
These findings will be very significant in terms of ident:f, 'ng low
temperature relaxations. Typically such relaxations are caused by protons.
Protons are found in both types of ions discussed. If these ions are
responsible for an observed defect, the measured parameters of that defect
should be roughly equal in Gallatin and Iceland Spar calcite and

significantly less in Swakopmund calcite.

8. DIELECTRIC RELAXATION SPECTROSCOPY:

8.1 Introduction;: The study of dielectric properties is one of the
most practical and effective ways to gain an insight into the nature of the
internal field that exists between the atoms in a solid. The value of room
temperature conductivity not only serves as a general measure of the purity
of the solid, but it doubles as an indicator of the concentration of defects in
that solid. Dielectric properties additionally aid in understanding the
mechanism of electrical conduction.23 Dielectric loss often arises when
defects residing in a crystal lattice have a lower point symmetry than that

of the crystal itself. Because the defects usually possess several
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crystallographically equivalent orientations, they are capable of
preferential reorientation in the presence of an electric field.2¢ Many
materials, including calcite, will exhibit different dielectric properties
when they are examined along different orientations.

8.2 Theory:25 Relaxation is defined as the delayed response to a
changing stimulus in a linear system in which the response and the stimulus
are proportional to one another when that system is in equilibrium. In the
case of dielectric relaxation, the stimulus is an alternating electric field and
the response is a polarization. The relaxation of the polarization is brought
about by the thermal motion of the affected atoms. Typically the structural
processes involved in dielectric relaxation are difficult problems in
statistical thermodynamics. However, the mechanism in calcite may be
visualized as involving dipoles of molecular size whose orientations (or
magnitudes) fluctuate spontaneously, in thermal motion.25

The Debye equations for the dielectric constants form the
mathematical basis for the study of dielectric relaxation. They may be
derived by contemplating some fundamental electrostatic principles.
Consider a capacitor filled with a dielectric material. The charge Q on the

capacitor is related to the voltage V across it by:

Q=¢CoV (8.1)

where Cois a geometrical factor and € is a constant with respect to time. A
dielectric constant of € > 1 implies that charge displacements occur within
the dielectric. Such responses always need time to occur. In other words,
the delayed response of the matter between the plates of the capacitor is due

to the procedure by which it causes an increase of capacitance. Thus, a




41

capacitor with a dielectric will behave like an RC circuit. Because the same
differential equations apply to the real capacitor as well as the analog, the
dielectric constant € (t) may be treated as a complex quantity analogous to
impedance.?

To mathematically arrive at the Debye equations, it is advantageous
to work in terms of charge densities and fields. Neglecting edge effects,

the electric field E of a parallel plate capacitor has the magnitude:

E =

a g

(8.2)

where d is the distance between the plates and V is their potential

difference. The charge density may be defined as:

(8.3)

Q
"
> QO

in which A is the area. The charge density and the electric field are related
by:

E = 4no, (8.4)
where ¢, is the charge density for the capacitor in a vacuum. The presence
of a dielectric material will increase the charge storage capability of the

capacitor (and hence increase the capacitance) so that the final charge

density will be:

O = £, (8.5)

in which €, represents the static dielectric constant. Positive and negative

charges in the dielectric material will be displaced slightly from their
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normal positions. This polarization will couple with the external field to
hold a total charge Q on the plates of the capacitor. It now becomes

convenient to introduce a field quantity D defined such that:

D =4ro (8.6)

where o is the total charge density resulting from both the action of the
external field and the polarization. The polarization P may be defined as
the charge density held on the plates by the internal displacement of

charges:
c,+P=0 (8.7)
Manipulating equations (8.4), (8.5), (8.6), and (8.7) gives:
E+4nP =D (8.8)
while equation (8.5) leads to the result:

D =¢&E (8.9

This makes it possible to define the static dielectric constant in terms of the

polarization:

s E (8.10)

where P_ denotes the static value. In the whole of the capacitor, the

implied dipole moment of the dielectric will be:

M, = P.Ad (8.11)
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implying that Pg represents a dipole moment per unit volume.2
Up to this point, it has been assumed that P, and E were in

equilibrium. When E changes with time, P will differ from PS(E) at any
given moment. Because P approaches P as the system goes to equilibrium,
a differential equation may be assumed for P(t). If the speed of the
system's approach to equilibrium is taken to be proportional to the distance
from equilibrium,then the differential equation is:

dP(Y) _ o
= 2 =P, - PO) 8.12)

where 1 is considered to be constant. However, before integrating, the

above equation must be modified since several different mechanisms of
polarization normally operate in a dielectric. Two such mechanisms are
electronic and optical polarization?’. Electronic polarization is responsible
for the optical refractive index. Due to its essentially negligible response

time to changing electric fields (at all frequencies), it will not enter into the
above differential equation. Equation (8.10) will become:

ar
g -1 =-€(PD+P,°) (8.13)

in which P_, denotes the optical polarization and Py refers to the static

“"dipolar” polarization. The optical dielectric constant may be defined as25:

anP, ,
€o-1=—p—=n"-1 (8.14)

n being the refractive index of the dielectric material. Applying an electric

field E(t) to the dielectric will cause P_ (E) to respond instantaneously




while P will respond according to the modified differential equation in
(8.12):

dP E(t)
—R+Pyt)=(g - ) =2
a TP =Ee) T (8.15)
The right side of the equation is the equilibrium value that corresponds to
E(t), assuming that the instantaneous value of E(t) were to be applied for
an infinite amount of time. This equation is analogous to the equation for
the charge on a capacitor when it is in series with a resistor. In a periodic

field, the general solution to such an equation would be:
E'(t) = E '™ (8.16)

In terms of the complex quantity for the dipolar polarization P;, equation
(8.15) becomes:

Po(t) = Ke 1/9 4 L & = E o
D 4 1 +iwt ° (8.17)

where K characterizes the initial polarization25. The negative exponential

will cause the first term to be negligible in comparison with the second
term. Thus, a complex dielectric constant may be defined as:

£ (w)-€,_=4xn ED.(—(DQ
E (0,t) (8.18)

This is analogous to the complex capacitance of an RC circuit. Separating

€' (m) into its real and imaginary parts yields:
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£ () = £(0) - ie”(®) (8.19)
in which:
g(w)=¢€_+ _gi-e;‘:_
1 + w?7? (8.20)

£”"(w) = (gs -€) — 0T
1 + 0’12 (8.21)

Equations (8.20) and (8.21) are known as the Debye equations.2> The
value for ¢” may be found experimentally by measuring € and the loss
tangent defined by:

8”((0) - G 1

tan 8 =
(o) & e(w) (8.22)

where G and g, denote the electrical conductivity and the permittivity of
free space, respectively. Hence, the loss tangent additionally represents a
measure of the ratio for the conduction current relative to the displacement
current.26 In order to determine the value for €", the capacitance and the
ratio of conductance frequency (G/w) must be measured.

8.3 Sample Preparation: In order to prepare the calcites for
dielectric relaxation measurements, the orientation of the optic axis within
the crystal had to be determined. This was done by visually locating one of
the two points of three-fold symmetry while the chunk of crystal was lying
on a cleavage surface parallel to a rhombohedron face. From this three-
fold point of symmetry, the ¢ axis runs through the chunk at an angle of
45°36' to the rhombohedron face (as mentioned in Section 2). A wire saw

was then used to cut samples of the calcite chunk either parallel or
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perpendicular to the ¢ axis. The plate-shaped samples were ground to a
thickness ranging from 0.70 to 1.50 mm and finished in most cases using
4/0 grit Carborundum polishing paper. The orientation of the ¢ axis was
checked using cross polaroids and determined to be in error by no more
than 3 degrees. Cleaved samples (also under 1.50 mm thick) were
prepared in addition to those that were cut and ground. The c axis has no
specific orientation with respect to the faces of the cleaved samples.
Aluminum electrodes were evaporated onto the "cut and ground” and
cleaved samples in a "three electrode” and "two electrode™ configuration,
respectively. The core of the central guarded region for the "three
electrode” configuration was 9 mm. Such a configuration is used to
prevent any surface conduction that may take place directly between the
two electrodes on the sample as a result of fringing field effects.24

As an aside, a very interesting phenomenon occurred while the
samples were being ground. Recall that the calcium and the carbonate
planes are perpendicular to the optic axis. In other words, a vector normal
to those planes would be parallel to the ¢ axis. Bonding forces are also
considered to be weak across those planes. This may explain why the
samples were extremely easy to grind when the optic axis ran normal to
their face and very difficult to grind when the ¢ axis ran parallel to their
face. In fact, it took almost five times as long to grind a parallel sample
than it would to grind an equal amount of the perpendicular sample. This
appears to be logical when one considers that the bonding forces between
planes of molecules are considered to be "weak.” When the ¢ axis was
normal to the face of the sample, whole planes of either calcium or
carbonate ions were being ground off. When the ¢ axis was parallel to the

sample face, a tiny bit of every single plane was being ground off
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simultaneously. An analogy here can be drawn to a stack of 100 sheets of
paper. Let each sheet of paper represent a molecular plane. The stack of
paper needs to be reduced to a thickness of about ten sheets. In order to
achieve the desired thickness, it would be easier to remove the paper sheet
by sheet than it would be to throw the whole stack on a paper cutter and cut
all 100 sheets simultaneously bit by little bit.

8.4 Experiment; Complex impedance measurements were carried
out using a CGA-82 microprocessor controlled capacitance bridge
operating at seventeen audio frequencies ranging from 10 to 105 Hz.
Temperatures over the range of 4.5 to 380 K were established using a
precision Cryogenics CT-14 dewar controlled by a Lake Shore Cryotronics
DRC-82 temperature controller utilizing a silicon diode. The data taken
was transformed via computer to the complex dielectric constant e*=¢"-ie”
using techniques described elsewhere.2? The computer programs employed
for data reduction were written in BASIC. Eight experimental runs were
performed. Run 1 was conducted with the cleaved samples, and Run 2 with
the samples that were cut perpendicular and parallel to the c axis. Runs 3,
4, 5, and 6 were performed to confirm the reproducibility of the data taken
in runs one and two. Run 7 and Run 8 were performed to check for effects
produced by radiative bombardment and for low energy quantum
tunneling, respectively.

The resultant values of capacitance and the ratio of conductance
divided by angular frequency were transformed to the imaginary part of
the dielectric constant (dielectric loss). The values of the real dielectric
constant at about 5.5 K were set equal to 8.219 and 7.633, perpendicular
and parallel to the ¢ axis,respectively. The value for the cleaved samples

was set at 7.926.13
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Figure 8.1. The imaginary part of the dielectric constant versus
temperature for various cleaved samples of calcite at a frequency of 103
Hz. Straight line segments connect the datum points. The samples are:
solid - Swakopmund; short dash - Iceland Spar; dash dot (chain) - Gallatin.
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Since corrections for thermal expansion make a small contribution to
dielectric loss, it was next assumed that the relative change in the dielectric
constant is equal to the relative change in capacitance.28

8.5 Results: The results for the imaginary part of the dielectric
constant for each type of calcite sample at a frequency of 103 Hz and over a
temperature range of 4.8-200K are shown in Figure 8.1. The principal
relaxations for each material are apparent. The Swakopmund sample (solid
line) exhibited three principal relaxations occurring at temperatures of
13K, 21K, and 38K, respectively. The Iceland Spar sample (dashed line)
exhibited six principal relaxations at temperatures of 7K, 13K, 38K,
121K, 168K, and 220K. The Gallatin sample (dash-dot line) exhibited six
principal relaxations at temperatures of 7K, 13K, 21K, 38K, 168K, and
220K. The 13K and the 38K relaxations were common to all three
samples. Both relaxations were more pronounced in the Swakopmund
calcite. The 7K, 168K, and 220K relaxations were common to both the
Gallatin and Iceland Spar samples. The 21K relaxation was common to
only the Swakopmund and Gallatin samples. Table 8.1 shows the principal
relaxations and their peak heights for all of the materials. The dielectric
loss is assumed to be caused by various trace impurities that were
presumably introduced in the natural growth process of the crystals. Note
that Swakopmund calcite exhibits the least complicated dielectric spectrum
although neutron activation analysis showed that it contains a large number
of impurities. This implies that many of the impurities found in
Swakopmund calcite do not give rise to dipolar complexes. The reasons
behind this behavior will be discussed in the next section.

In order to obtain information concerning the symmetry of the

defect sites, measurements were carried out both parallel and perpendicular
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to the optic axis on some of the calcites. Figure 8.2 shows the results for
the imaginary part of the dielectric constant versus temperature at a
frequency of 103 Hz for those specific orientations of the optic axis in the
Iceland Spar sample. Clearly, the 7K and the 13K relaxations were seen

only when the optic axis was oriented

Table 8.1. Peak relaxation values for £€”(max) in Swakopmund, Iceland
Spar, and Gallatin Mountain calcite samples at a frequency of 103 Hz and
various orientations.

1K 1K 168K 22
ICELAND SPAR
#1(Cleave) 0.002 0.00017 0.022 0.0044 0.00006
#2(Cleave) 0.002 0.00008 0.001 0.004 0.0002
(1) 0.005 0.001 0.00067
an 0.005 0.0034 0.0042
GALLATIN MOUNTAIN
#1(Cleave) 0.00045 0.00055 0.0005 0.0052 0.0018 0.0015
#2(Cleave) 0.0006 0.0014 0.00012 0.016 0.003 0.0002
#3(Cleave) 0.00043 0.00041 0.00005 0.007 Noise Noise
SWAKOPMUND
#1(Cleave) 0.0002 0.0047
#2(Cleave) 0.0037 0.0015 0.051
#3(Cleave) 0.008 0.003 0.10
#4(Cleave) 0.004 0.002 0.099
1) 0.022
an 0.011 04

perpendicular to the electric field (solid line). When oriented parallel to
qe field (dashed line), the 38K and the 121K relaxations then became
visible while the 7K and 13K relaxations disappeared. @The 168K

relaxation, on the other hand, is observed both parallel and perpendicular
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Figure 8.2. The imaginary part of the dielectric constant versus
temperature for Iceland Spar calcite parclle]l and perpendicular to the optic
axis at a frequency of 103 Hz. Straight line segments connect the datum

points. The samples are: solid - perpendicular to the c axis; short dash -
parallel to the c axis.
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Figure 8.3. The imaginary part of the dielectric constant versus
temperature for Swakopmund calcite paralle] and perpendicular to the

optic axis at a frequency of 103 Hz. Straight line segments connect the
datum points. The samples are: solid - perpendicular to the ¢ axis; short

dash - parallel to the c axis.
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to the optic axis. It is stronger by about a factor of three along the axis.
Figure 8.3 is a plot shows the same plot for the Swakopmund calcite. At
parallel orientations (dashed line), the 21K and the 38K relaxations are
apparent. At perpendicular orientations (solid line) only the 13K peak was
seen. Traces of the 38K peak are also observed in this orientation to the ¢
axis, but the strength was at least 50 times weaker than in the parallel
orientation. Possibly, the appearance of the 38K relaxation when measured
perpendicular to the field is caused by uncertainty in the actual orientation
of about a few degrees of arc. Figures 8.2 and 8.3 clearly show that the
value of £” depends greatly upon the orientation of the optic axis. In
summary, the 21K, 38K, and the 121K relaxations are observed in parallel
c axis orientations. The 7K and the 13K, relaxations are observed in
perpendicular ¢ axis orientations. The 168K relaxation is the only one
which is observed in both directions of axial orientation.

In order to evaluate each of the relaxations quantitatively, a
characteristic relaxation time, t, was determined for each relaxation
observed. This was accomplished by constructing plots of £” versus the
applied frequency for a specific temperature. Figure 8.4 shows a typical
data set for Swakopmund calcite at temperatures of 35.0K (triangles) and
36.8K (squares). The optic axis was in a parallel orientation. The
relaxation time is defined to be the reciprocal of the peak position, i.e.
wmaxT = 1. Take note of how the peak position depends on temperature.
For one characteristic relaxation, there will be numerous relaxation times
depending upon the temperature at which the data was acquired. Best
values of wmax were obtained by fitting the empirical Cole-Cole

expression?9;




Figure 8.4. The imaginary part of the dielectric constant versus the log
of the frequency (Hz) at two temperatures for Swakopmund calcite cut to
have a parallel orientation of the optic axis. Solid lines are the best fit

Cole-Cole curves of Equation 8.23. The temperatures are: triangle -
35.0K; square - 36.8K.
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" (€'y - €'y)cos (om/2)
2{cosh[(1 - a)x] + sin(ar/2)} (8.23)

to the data. These fits are the smooth curves in Figure 8.4. a is the
constant Cole-Cole parameter and x = In(wt). €L and €'y are the 'low' and
high' frequency limits of the dielectric constant where low' and ‘high’
mean relative to the effects of the relaxation only. The best fit results

showed that30:

(8.24)

where A is known as the dipole strength. The value of A is given by:

2
A= Np~
3eoky, (8.25)

where N is the concentration of the dipoles, &, is the permittivity of free
space, and p is the dipole moment. It is interesting to note just how
sensitive dielectric relaxation spectroscopy is. For a typical weak peak, A
= 0.005, and the concentration of the dipoles is on the order of 50 parts per
billion (5 x 10-6%)31.

Finally, plots of the relaxation time versus the reciprocal of
temperature were constructed in order to check for Arrhenius behavior, as

described by the equation:

In (t) = E / kpT + In (1) (8.26)
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Figure 8.5. The natural log of the relaxation time versus the reciprocal
of temperature of the 38K relaxation in Swakopmund, Iceland Spar, and
Gallatin calcites. The solid line in the figure is the least squares best fit line
(Arrhenius expression: Equation 8.26) to the data for the Iceland Spar
calcite. The samples are: triangle - Swakopmund paralle] to the ¢ axis; x -
Gallatin cleave; square - Iceland Spar parallel to the c axis.
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Figure 8.5 shows the Arrhenius plot for the 38K relaxation appearing in all
three samples. E and 1, are constants known as the activation enthalpy and
the reciprocal frequency factor, respectively. Boltzmann's constant is
denoted by kp. Equation 8.26 was least squares best fit to the data. All of
the relaxations behave in a similar Arrhenius manner except the one
observed at 7K. It is clear from Figure 8.5 that the 38K relaxation is
caused by exactly the same defect complex in all three samples. All of the
samples which demonstrate Arrhenius behavior possess values for logo(1o)
that are on the order of -12. This value is typical of the reciprocal of a
lattice vibrational frequency.

The Arrhenius plot for the 7K relaxation in Iceland Spar and
Gallatin calcite is non-linear, as shown by Figure 8.6. The curve has both
a linear and exponential region and is characteristic of some type of
quantum tunneling phenomena. There will be a linear dependence of 1-! on
T in the lowest temperature range and a power-law increase at higher

temperatures :

v!= AT + BT (8.27)

where n should fall between 4-7 depending on how the very detailed
theoretical aspects of such phenomena are interpreted32,33.34.35, The linear
and power law dependence are characteristic of single-phonon and
multiphonon processes, respectively. In the multiphonon region, the

"exponential Arrhenius” dependence may alternatively take the form of?24:

%=BT+—1—exp(—‘—E—)

To k, T (8.28)
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Figure 8.6. The natural log of the relaxation time versus the reciprocal
of temperature showing non-Arrhenius behavior (quantum tunneling) in
both the Gallatin and Iceland Spar calcite. The solid lines are the best fit

theory based on Equation 8.28. The samples are: square - Iceland Spar;
triangle - Gallatin.
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from which the best fit parameters of Equations 8.23 and 8.26 can still be
determined. The values of logjo(To) are -9.2 and -8.0 for Iceland Spar and
Gallatin calcite, respectively. All of the best fit quantitative parameters for
both Arrhenius and non-Arrhenius behavior are listed in Table 8.2. The

estimated errors in E and logo(t,) are about 1%.
Table 8.2. Relaxation parameters for the principal relaxations observed

in Swakopmund, Iceland Spar, and Gallatin Mt. calcite. Parallel and
perpendicular c axis orientations are denoted by Il and 1, respectively.

(s)

Sample(Cut) T(K) E(eV) log10(%o) A(K) a B(1/K-S)
Gallatin(cleave) 7 0.0059 - 801 0.0047 0.09 253
IcelandSpar(L) 7 0.0076 -9.20 0.0282 0.08 328
Gallatin(cleave) 12 0.0237 - 12.02 0.034 0.07
Swakopmund ( /) 38 0.0631 - 12.26 37.0 0.13
Gallatin(cleave) 38 0.0628 - 1220 139 0.08 .
IcelandSpar( !) 38 0.0634 - 12.29 0.40 0.03

IcelandSpar( /) 121 0.2201 -12.717 0.87 0.05 -
IcelandSpar( |) 168 0.2907 -12.53 131 0.04 .
Gallatin(cleave) 168 0.2975 -12.72 1.13 0.02

8.6 Discussion: As shown by the figures and the results in the tables,
the existence of a particular sequence of peaks seems to be characteristic of
the origin of the sample. The Arrhenius plot of Figure 8.5 is a very good
indication of how well defined the relaxations actually are. Clearly, data
for a particular peak in different samples are virtually indistinguishable.
Therefore, the activation enthalpy and the reciprocal frequency factor are
unique for a given relaxation process. The rather significant variation of

the peak height from sample to sample additionally implies that the




concentration of defects appreciably varies from sample to sample.
However, this should be expected since the calcites are naturally occurring
materials.

As mentioned previously, the 7K relaxation exhibits non-Arrhenius
behavior that is characteristic of quantum tunneling. Impurity movement
is seen perpendicular to the optic axis which implies that the dipole is
moving among equivalent sites which are located within a plane of cations
or anions. Such data suggests that this reorientation may be due to the
motion of a very small charged particle such as a proton.

Fourier transform infrared spectroscopy (Section 7) revealed two
possible origins for this relaxation. First, it was observed that Iceland Spar
and Gallatin calcites contained about the same amount of hydroxyl ions
(OH") via the absorption which was seen at 2.8 um (3500 cm-1). Although
the same absorption was seen in the Swakopmund calcite, the concentration
of the hydroxyl ions was significantly less. Second, another absorption at
2500 cm-! showed similar concentrations in the Iceland Spar and Gallatin
calcites. This particular absorption is characteristic of the bicarbonate ion,
(HCO3)-2. Previous studies have justified the existence of bicarbonate ions
in naturally occurring calcite.36 Again, its concentration was significantly
less in the Swakopmund sample.

Because the 7K relaxation is not observed in the Swakopmund
sample, the cause of this relaxation is attributed to protons or electrons
from either the hydroxyl or bicarbonate ions. Presently, it is not
understood how the hydroxyl ions would be incorporated into the (CO3)-2
planes or how the motion of the protons would be restricted only to that
plane. On the other hand, it is more intellectually satisfying to visualize

bicarbonate ions existing in the plane of the carbonate anions. Such a
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defect complex simply requires the addition of a proton to one of those
anions. Irn this case, reorientation would occur when that proton jumped
between the carbonate ions. Due to the simplicity of this bicarbonate
model, it is the preferred one for the 7K relaxation.

The 38K relaxation is observed in all three of the samples. Neutron
activation analysis and X-ray fluorescence have shown that there are
several impurities common to all three matenials. However, not all of these
impurities are likely to give rise to a dipolar defect. For example,
strontium is observed in all of the samples. In order for strontium to give
rise to a dipolar defect, it would have to substitutionally replace calcium.
With an ionic radius of 1.32 A, this would be impossible.3” More than
likely, only small isovalent impurities will give rise to dipolar defects.
Such defects usually arise through charge compensation when an oppositely
charged entity is incorporated into the crystal lattice to form a classical
dipole.

Of all the impurities that are common to every sample, yttrium is the
candidate most likely to form a defect. It is small enough be incorporated
into the lattice either substitutionally or interstitially. Further evidence
associating it with the 38K relaxation exists. Its photopeak strength as
determined via activation analysis is correlated to the strength of the 38K
relaxation. This relaxation is the weakest in Iceland Spar calcite.
Consequently, yttrium's weakest photopeak is also observed in the Iceland
Spar calcite.

Unlike the 7K relaxation, the 38K relaxation implies that impurity
movement occurs parallel to the optic axis. Thus, as this dipole moves, it
will jump over ionic planes instead of jumping within one. The defect

complex for this relaxation has been postulated on the basis of previous
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electron spin resonance studies which have concluded that interstitial
yttrium has an equal probability of being displaced above or below the
carbonate anion plane.38 It is proposed that Y*3 sits interstitially in the
lattice and is stabilized by a (CO3)-3 radical that substitutionally replaces a
(CO3)2anion. As the dipole flips under the influence of the electric field,
the yttrium will jump over the carbonate plane. Additional studies have
shown that large numbers of yttrium stabilized defects do exist in
unirradiated, natural calcite.? Additional experiments will be performed to
determine if the 38K relaxation is correlated to a 500K radiation induced
thermoluminescence peak that is exhibited by other types of blue calcite
similar to the Swakopmund sample3. The presence of such a correlation
would imply that dielectric spectroscopy could be used to evaluate radiation
effects and hence be of great interest in dating inorganic materials.

Like the 38K relaxation, the 13K relaxation also appears in all of the
samples. Although it is observed parallel to the optic axis instead of
perpendicular to it, this relaxation additionally appears to be caused by the
presence of Y*3 - (CO3)-3 pairs. In this relaxation however, the yttrium
becomes the substitutional impurity which stabilizes the interstitial
carbonate radical. The (COj3)-3 radicals are formed when an electron
jumps among equivalent sites within the carbonate plane in conjunction
with a (CO3)-2ion. Such movement would explain the low activation
enthalpy (0.024 eV) of this relaxation. More evidence supporting this
defect becomes apparent when the low temperature end of the 13K
relaxation is examined. Indications of the onset of quantum tunnelling exist
that are consistent with the characteristics of electron motion at low
temperatures.

Supporting evidence for defect complexes associated with the 21K,
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121K, 168K, and 220K relaxations is not as strong as it was for the last
three cases. The 121K relaxation was only observed in the Iceland Spar
calcite. It occurred parallel to the optic axis. Neutron activation analysis
revealed four impurities unique to that sample. X-ray fluorescence only
confirmed the presence of zinc though. Based strictly on ionic size
considerations, zinc can be postulated to substitutionally replace the calcium
cation providing that equivalent positions exist off center towards the
carbonate planes. Whether or not such a mechanism exists in calcite has
not yet been determined.

The most likely impurity associated with the 168K relaxation is
magnesium because it is the only impurity common to both the Iceland
Spar and Gallatin samples. Ionic movement is observed both perpendicular
and parallel to the optic axis in this case. Although two equivalent
positions exist near the calcium ions, it is not clear how magnesium could
give rise to the relaxation since there appears to be no need for charge
compensation. Another possible mechanism for this relaxation would be an
unidentified substitutional-interstitial complex similar to that of the 13K
and 38K relaxations.

The mechanisms associated with the 21K peak in Swakopmund
calcite and the 220K peak in Gallatin and Iceland Spar calcite are presently
unclear. Although neutron activation has revealed the presence of one
impurity which is unique to Swakopmund calcite, its identity could not be
determined. Information regarding the 220K relaxation is so sparse that
speculations as to its origin will not even be considered.

8.7 Conclusion: The defect complexes for three of the seven
principal relaxations have been postulated with a high degree of certainty.

The tunneling of protons associated with bicarbonate ions is proposed for




the 7K relaxation. Both the 13K and 38K relaxations appear to be caused
by the presence of Y+3-(CO3)-3 substitutional-interstitial impurity pairs.
Yttrium is interstitial and substitutional in regard to the 38K and 13K
relaxations, respectively. The 121K and 168K relaxations appear to be
associated with zinc and magnesium, respectively. The origins of the 21K
and the 220K peak are both unclear at the present time. The postulated
defect complexes are consistent with results of Fourier transform infrared
spectroscopy, neutron activation analysis, atomic absorption, and X-ray

fluorescence.

9. RADIATIVE BOMBARDMENT:

9.1 Introduction: This particular experiment was prompted by both
the results of various thermoluminescence studies and the results of optical
absorption. Because no significant absorbance bands were seen in either
the Swakopmund or the Iceland Spar calcite, it was assumed that the color
mechanisms did not depend on impurity content [recall in Section 3.4 that
experimental evidence has been found linking manganese impurities to the
yellowish hue in Gallatin calcite19].

Although the color mechanisms in calcite are still not completely
understood, they appear to be associated with various thermoluminescence
phenomena. Thermoluminescence refers to a process in which stored
energy in a material is released as light when the matenial is heated. Often,
this energy is imparted to the material by damaging it in some way, such as
through ion bombardment. Luminescence usually occurs when there is an
effective movement of charge from a trapping center to a recombination

site of some type.40
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It has been shown experimentally that blue and violet colors may be
induced in some calcites by irradiation after compression.3? Those colors
then disappeared with accompanying thermoluminescence. The appearance
of those colors was thought to be correlated to, but not caused by, the
presence of iron or manganese atoms in solid solution.4! However, results
of another experiment have shown that upon irradiation by X-rays, calcites
with the same concentrations of iron, manganese, magnesium, strontium,
copper, and barium exhibited very different absorption bands after
undergoing thermoluminescence.3? It has additionally been concluded that
the decay of thermoluminescent light output and dielectric loss of calcite
crystals after irradiation are intimately connected.42

Due to the various opinions on how the color mechanisms of calcite
are influenced by radiation, the decision was made to irradiate our three
calcite samples with the hope of producing some radiation induced defects.
Should such defects be induced, they may have an effect on the dielectric
spectrum of calcites since radiation, thermoluminescence, and dielectric
relaxation all appear to be inter-related.

9.2 Experiment: Four Swakopmund, three Iceland Spar, and three
Gallatin calcite samples were irradiated by vy rays from a 60Co source at
The Naval Research Laboratory in Washington, D.C. Dielectric relaxation
spectroscopy had been performed on each sample prior to bombardment.
The samples were placed in an aluminum container above a submerged
60Co source. The calcites were irradiated for one hour receiving a total
dose of approximately 4 x 106 Rads using Rads(silicon) as a reference for
the calculation. After irradiation, the samples were loaded into a
capacitance bridge and stored under vacuum at 77K until dielectric

readings were acquired.
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Figure 9.1. The imaginary part of the dielectric constant versus
temperature for a Swakopmund cleave irradiated with gamma rays. The
squares and stars represent data which was taken before and after
irradiation respectively. (b) 1. the same plot as (a) except that it is shown

on a scale 10 times smaller than that of (a). Straight lines connect the
datum points.
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9.3 Results: The imaginary part of the dielectric constant versus
temperature may be seen in Figure 9.1 (a) for a Swakopmund cleave. Both
"before" and "after”" plots have been superimposed on the same set of axes
with squares representing the data before irradiation and the stars
representing the data after irradiation. As exhibited in (a), there has been
essentially no change in the characteristic dielectric signature of
Swakopmund calcite after it had been bombarded with y rays. Figure 9.1
(b) is the same plot as (a) except that it is shown on a scale 10 times smaller
than (a). This was done to emphasize how similar the two signatures really
are. Aside from the irradiated data having a slightly higher background
than the non-irradiated data, the agreement between the two is almost
exact. Both the Iceland Spar and Gallatin samples exhibited exactly the
same behavior as the Swakopmund sample did. There was no significant
change detected in dielectric signature of the calcites after irradiation.

9.4 Discussion: No appreciable change in the dielectric signatures of

the calcites was exhibited as a result of y ray bombardment. However, this
does not imply that no defects were induced by the radiation. In fact, some
type of transient defects were introduced into both the Gallatin and the
Swakopmund calcite because the colors of those samples changed. The
Swakopmund sample became a much darker blue, and the Gallatin sample
turned a milky brown that was almost totally opaque. Although Iceland
Spar exhibited no noticeable change, change in the other samples occurred
on such a macroscopic scale that it was visible to the naked eye.

Why did these defects not appear in the dielectric signature that was
acquired after irradiation? There are three possible reasons. First of all,
the induced defects may have been highly unstable and hence very
transient. The drive from NRL to USNA is approximately one hour. The
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defects could have disappeared by that time. Along similar lines, the
samples were not cooled down to 77K until approximately four hours after
they were removed from the ®Co source. Although they were never
above room temperature (which is no comparison to temperatures used in
thermoluminescence), it may have been just enough to cause the defects to
disappear. Finally, all irradiation experiments mentioned in Section 9.1
were performed using X-rays as the radiating element. In this experiment,
y rays were used. Perhaps y rays induce defects that are not as stable as
those induced by X-rays, especially at temperatures above 77K. Any or
none of these factors may account for the fact that the radiation induced
defects were not revealed by dielectric relaxation measurements.

9.5 Conclusion: As is apparent in Section 9.1, : color mechanisms
of calcite are not completely understood. This experiment showed that
color changes can be induced in Swakopmund and Gallatin calcite by
radiation. Whether or not these defects may be seen through relaxation
measurements cannot be answered from this data. These defects did not
appear in the dielectric signatures of the two calcites. However, poor
experimental technique as well as natural mechanisms may be held

accountable for that observation.
10. VANADYL PHOSPHATES:

10.1 Introduction: Vanadyl phosphate (VOPQ,) is a layered

compound capable of being intercalated by a number of materials.
Layered compounds have attracted considerable attention recently because
of their potential applications as solid ionic conductors (or electrolytes),

cathode materials, anisotropic electronic conductors, and catalysts.#?> One
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of the most important heterogeneously catalyzed industrial reactions where
the study of vanadyl phosphates has direct applications involves the process
of allylic ammoxidation of propylene to acrylonitrile on various mixed
metal oxides.#4 Water molecules (VOPO4-2H,0) have a very pronounced
effect on the physical and chemical properties of this compound.
Additionally, proton donation within the layers of the compound has been
speculated. Dielectric relaxation spectroscopy provides an ideal means for
investigating the processes of such dynamic ions. Measurements of the
complex impedance will yield the DC conductivity, hinting at clues that
will lead to the understanding of systems with moveable ions.

10.2 Structure: Vanadyl phosphate has a lamellar structure composed
of polymeric (VOPQOy);, layers. Those layers provide the host structure for
the intercalation of various guest molecules, such as amines or alcohols.
Additionally water can be reversibly intercalated leading to the formation
of VOPO4-H,0 and VOPO4-2H,0. Although several crystallographic
structures exist for VOPO4-nH,0, work was only done with the
aVOPO42H,0. It has a space group of P4/mmm corresponding to a
tetragonal structure. Layers of VOPQO4 are comprised of chains which are
linked together by the phosphate tetrahedron. It is between these layers
that the water molecules are intercalated. The ¢ parameter ranges from
4.11 A to 6.30 A to 741 A for VOPO4nH,0 where n=0,1,and 2,
respectively.43

10.3 Experiment: The VOPO4-H20 and VOPO, used for impedance
measurements were prepared by heating VOPO4.2H,0 for eight hours
under flowing nitrogen at temperatures of 323K and 473K, respectively.
Deuterated samples were prepared with 99% deuterated water and 85% D-

3 phosphoric acid in a deuterated water solution. Sodium exchange
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occurred in an aqueous solution of NaCl by stirring the solid
VOPO,42H,0. Both the compound that underwent sodium exchange as
well as its parent were characterized by 2% V(IV) reduction. measured by
potentiometric titration. The redox value was in good agreement with
other published values.4¢

To prepare the vanadyl phosphate for dielectric relaxation
spectroscopy, the samples were ground and pressed into pellets. Both "two
terminal” gold electrodes and "three terminal” aluminum electrodes were
sputtered and vacuum evaporated onto the samples, respectively.24
Measurements were made at 17 frequencies ranging from 10-105 Hz over a
temperature range of 5.5-380K. The experimental setup was the same as
described in Section 8.4. In the case of vanadyl phosphate, the real part of
the dielectric constant was assumed to be on the order of 7+ 2. At no time
during data analysis were corrections made for the powdered instead of
crystalline nature of the sample. This will result in somewhat large
uncertainties.

10.4 Results: Two low temperature relaxations were seen in
VOPO4-2H,0 at 45K and 16K. In VOPO4-H>0, only the 16K relaxation is

apparent. No relaxations are seen in VOPO,. Plots of the imaginary part

of the dielectric constant versus frequency are shown for all three types of
compounds in Figure 10.1. The relaxation strength of the 16K peak
increases with frequency while still retaining the same low temperature
leading edge as seen in (a) and (b). Behavior such as this is usually
characteristic of an unequivalent ion potential well system. In the
deuterated forms of vanadyl phosphate, the position of the 16K relaxation

peak is shifted to a higher temperature.
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Figure 10.1 The imaginary part of the dielectric constant versus
temperature for VOPO4-nH;0 where n = (2, 1, 0) as seen in (a), (b), and
(c) respectively. Straight lines connect the data points. The ¢ spacing (in
A) 15 listed 1n the upper left hand comer under the chemical formula
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Unlike the 16K peak, the 45K peak exhibits Arrhenius behavior as
previously described in Section 9. The least squares best fit values of
energy and the log;o(1,) were 0.080 eV and -12.0, respectively. This data.
is typical of standard dipolar reorientation phenomena. This relaxation is
associated with the presence of the second hydrated water molecule that is
usually found in the vicinity of the phosphate ion. When the water
molecule is "boiled off," the 45 K relaxation is no longer seen. When the
remaining coordinated water molecule is additionally "boiled off," the 16K
relaxation disappears.

Finally, the electric conductivity of the compounds decreases as
consecutive waters are lost from the layers. Deuterated conductivity values
are less than the protonated values. Sodium ion exchange will cause the
supernatant to become highly acidic. Conductivity will increase by a factor
of 3 with the addition of just 2 mole % sodium. The results of electrical
conductivity measurements are listed in Table 10.1. Note that the zero
frequency value for the electrical conductivity was extrapolated at 294K

(room temperature).

Table 10.1. Conductivity measurements of assorted vanadyl phosphate

samples.

Sample Type Conductivity (S/cm)
VOPO4-2H,0 1.1 x 106
VOPO4-H,0 3.0x 107
VOPO, 1.0 x 10-8
VOPO4-22H,0 6.6 x 10-7
Nag g VOPO42H,0 3.6x 106

Na().14VOPO4-1.9H20 1.5 x 105
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10.5 Discussion: Four possible mechanisms were previously
proposed to account for dielectric loss in the vanadyl pnictates: 1) a proton
moving between a a pnictate oxygen and water located between the layers;
2) a proton being exchanged between the water coordinated to a vanadium
and the water located between layers; 3) the reorientation of water dipoles;
or 4) an electron moving between V(IV) and V(V) sites.

The last two possibilities can be eliminated immediately. The
moving electron model must be ruled out because no change in the
oxidation state of vanadium is observed with the loss of water. Water
dipolar reorientation seems equally unlikely. Such reorientation would
only be slightly diminished by sodium ion exchange. Only about 1% of the
water would be displaced, but an 8-fold decrease is observed.

Some proton exchange between intralayer waters and proton sites is
consistent with the data acquired. The deuterated samples do exhibit a
pronounced isotope effect on the peak position of the imaginary part of the
dielectric constant. This is an indication of hydrogen ion movement.
Additionally, the ability of VO(HPO,)-1/2H,0 to form a V(IV) - HPO, pair
is evidence of proton exchange between the pnictate oxygen and the
intralayer water. This is not the same as proton exchange between water
coordinated to a vanadium and an intralayer water.

10.6 Conclusion: The only structural differences between the
monohydrate and dihydrate vanadyl phosphates is the lack of the water
molecule in the vicinity of the phosphate. This results in a reduction of the
¢ spacing for the monohydrates. The disappearar.ce of the 45K relaxation
in the monohydrate is correlated to the loss of this water molecule. The
16K relaxation is correlated to the remaining water that is coordinated with

a vanadium ion. Neither relaxations are found in VOPQ,4. Dielectric loss
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is associated with the mechanism of proton exchange between the pnictate

oxygen and the intralayer water.

E APPLICATIONS:

11.1 Dielectric Characterization of Minerals: As clearly

demonstrated by the results of this project, each type of calcite has its very
own unique, characteristic dielectric signature or "fingerprint." This
fingerprint may be a function of the geographical area in which the
samples formed. For example, the dielectric signature of Swakopmund
calcite from Africa is very different from the dielectric signature of
Iceland Spar calcite from Mexico. These differences may be seen in
Figures 8.3 and 8.2, respectively. By assembling a catalog of the different
spectra, one will be able to determine in which geographic area an
unknown calcite sample may have formed. Along similar lines, spectrum
catalogs for different minerals may be used to determine the species
membership of an unknown sample. Dielectric spectroscopy is not
necessarily a destructive method of analysis. Spectrometers may be
constructed to examine specimens of any shape.

11.2 Dielectric Dating: If correlations exist between radiation
induced defects and the strength of various relaxations, then dielectric
spectroscopy can be used to date inorganic specimens. The same radiation
defect correlations are the present basis for dating by electron spin
resonance4’ and by thermoluminescence. Assuming such correlations do
exist, the height of the peaks which appear in plots of the imaginary part of
the dielectric constant versus frequency will be directly proportional to the

length of time that sample has been in existence providing the defects were
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induced by cosmic radiation. Additional information involving the
conditions under which the specimen was formed may result if the cause of
the defect is known. For example, imagine that a type of defect can be
induced in calcite by irradiation only under rather cold temperatures. The
presence of that defect leads to the question of how the calcite became cold
enough for it to be induced by cosmic radiation. One possible theory is
that the defect may have been induced by incident cosmic radiation during
the Ice Age.

12. SUMMARY:

The objective of this research was to examine and study the nature
and configuration of some of the more prevalent defect complexes in a
variety of calcite samples. Seven low temperature defect complexes in
calcite have been observed and investigated using a variety of determinative
techniques in conjunction with dielectric relaxation spectroscopy. The low
temperature dielectric data obtained during this work has never before
been seen in calcite. Defect complexes for three of those relaxations have
been postulated. Additionally, the effects of hydrated water molecules on
the dielectric properties of vanadyl phosphates have been studied. Two
papers have been submitted for publication in conjunction with this project
and other ongoing research at USNA. They are included in this report as
Appendices I and II. The paper titled "Dielectric Loss in Vanadyl
Pnictates” was published in the Mat. Res. Soc. Symp. Proc. (1991) 210
681-688 edited by G.A. Nazri, D.F. Shriver, R.A. Huggins, and A
Balkanski. The paper titled "Dielectric Relaxation Spectroscopy in Calcite”

has been submitted to the journal Physics and Chemistry of Minerals.
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ABSTRACT

The results of audio frequency complex impedance studies for vanadyl phosphate and
its hydrates (VOPO,-nH,0; n=0,1,2) are reported. Measurements were made at seventeen
frequencies between 10 and 10° Hz over the temperature range 5.5-380K. Two low-
tempersture features were observed and are correlated with particolar water species
between the VOPO, layers. In light of chemical evidence and complex impedance
measurements on related compounds, it is speculated that VOPcO,enH,0 (Pc = P, As)
can be thought of as a mixed nonstoichiometric compound
[VOMHPcO4)Ix[VOPcO ], *nH,O and the solid Bronsted acid nature of the compound is
related to proton movement between layer pnictates and intralayer waters.

INTRODUCTION

Vanadium phosphorous oxides are used as selective, mild oxidation catalysts (e.g.
conversion of butane to maleic anhydride){1]. Vanadyl phosphate (VOPQ,) is a layered
compound that can be intercalated by a host of materials[2,3,4]. The wide variety of
reaction that vandyl phosphate can accomplish is made possible by virtue of its available
coordination site (for Lewis acid/base reactions), and its reversible V**/V* redox couple.
The vanadium is seated in a distorted octahedron of oxygens where each of the equatorial
oxygens is from a comer-shared phosphate. The double bonded axial oxygen fills the
final coordination spot in the adjacent layer in the dehydrated form (interayer spacing =
4.434 A). In the hydrated forms the final coordination spot is filled by a water. The
second water in the VOPO,*2H,0 [5,6] is found in the vicinity of the phosphate, as
seen in Figure 1 (interlayer spacing = 7.41 A).

Clearly water has a profound effect on the VOPQ,+2H,0 structure, and, one would
expect, the chemical and physical properties of not only the this compound. but it
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Figure 1. View of part of a Vandyl Phosphate layer a) down the c-axis and b) with a
view of the intralayer waters.
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intercalation compounds. The nature of the water between the layers has been a pomnt of
discussion in the literature[7,8]. It has been speculated that the acidic nature of VOPO,
*2H,0 extends past the Lewis acidity of the vanadium to proton donation. The
spectroscopy hints of protons associated with one or more of waters (to form a hydronium
ion), vanadyl oxygens or phosphate oxygens. Within and between the layers, any proton
movement must be a dynamic process of protons being donated and accepted. AC
impedance measurements are ideally suited for investigating such dynamic ion processes.
It has a wide dynamic range, it can provide information the nature and energetics of ion
movement processes, and can yield the dc conductivity.

In addition to its varied reactivity and numerous compounds that it forms, vanadyl
phosphate has many of the characteristic of a good model compound, particularly in
layered oxides structure where ion movement is restricted to one or two dimensions. It
has a well characterized structure, and it can be identified by a variety of physical
methods, such as ir, x-ray powder diffraction, thermal gravimetric analysis (TGA),
potentiometric titrations, and elemental analysis. With ac impedance measurements,
structural and chemical knowledge one can develop an understanding of systems with
moveable ions.

EXPERIMENTAL

VOPO,+2H,0, products of its redox intercalation and VO(HPO,)+¥:H,0 were
prepared by published procedures[1-3,9]. The batch of VOPO,*2H,0 used to make
samples for impedance measurements was treated to make the VOPO,*H,0 and VOPO,
samples for analogous studies by heating the dihydrate for 8 h under flowing nitrogen at
50° C and 200° C, respectively. Compounds were characterized by TGA, potentiometric
titrimetry and IR spectroscopy[10]. The deuterated sample was prepared with *H,0
(99% *H) and 85% D-3 phosphoric acid in 2H;0. Sodium exchange was accomplished by
stirring the solid VOPO,*2H,0 in aqueous NaCl. The sodium exchanged compound, as
well as the parent VOPO,+2H,0, have 2 % V(IV) as measured by potentiometric
titrimetry in good agreement with published esr measurements{11]. VOAsO,*2H,0
powder was made by a published procedure and the single crystals (as viewed by crossed-
polarizing microscopy) formed by slow evaporation. Although water loss from
VOAsO,+2H,0 crystal surfaces has made X-ray crystallography difficult, ac impedance
measurements still reflect the bulk characteristics of the material; this conclusion is
supported by comparison of the crystal to the pressed powder sample.

Microcrystalline powders were ground and pressed into pellets. Usually, gold
electrodes were sputtered onto samples in a two-terminal configuration. However,
aluminum electrodes were vacuum deposited onto some samples to rule out electrode
effects.

Previously published methods were used to make audio frequency complex
impedance measurements and transform the results to the real and imaginary parts of the
diclectric constant, €” and €”, respectively.[12] For the present materials, the dielectric
constant at low temperatures is on the order of 7 £ 2. The large uncertainty arises from
the fact that no attempt was made to correct for either the powder nature of the samples,
or the two terminal nature of the measurements.
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Two low temperature relaxations were found for the vanadyl phosphate hydrates.
Each relaxation correlates with a particular species of water. Typical results are shown in
Figure 2 which exhibits relaxations at 1000 Hz for the dihydrate at 16K (Type I) and '45}\.
(Type LI). Only Type I relaxation is observed in VOPQ,*H,0 and VOAsQ,+2H,0. No
features were observed in measurements of VOPO, or the related VO(HPO,)+¥%H,0.

The Type II relaxation exhibits features typical of standard dipole rcoricnta:.io‘n. The
relaxation time, T, was calculated as the inverse of @_,, the frequency of the maximum
€" value. Reported relaxation times assume that @ T = 1. The relaxation was found
to exhibit Arrhenius behavior, and thus the expression:

T=1, &N (1)

was optimized to the data. The least-squares best fit parameters were found to be E =

0.080(2) eV and log,t, = -12.0 .
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Figure 2 Low temperature dielectric loss for
VOPO,*nH,O) (n = 2.1.0)

The Type I relaxation is more
difficult to describe quantitatively. The
relaxation streagth increases with
frequency, and the same low
temperature leading edge is followed at
every frequency. This is characteristic
of an inequivalent-well system. In fact,
the increase can be explained with a
well inequivalency of 0.01 eV, and the
1000 Hz peak positior: is reproduced
with an average barrier height of 0.02
¢V, assuming a pre-exponential of 10
"s (as was obtained for the Type II
relaxation). However, this model does
not explain the width of the peaks. As
a consequence, a model with a
distribution of such wells will be
needed for a proper treatment of the
Type I relaxation.

As seen in Table I, the
temperatures at which Type I peaks
occur are the same for VOPO,«2H,0
and VOPO,*H,0. However, the Type
I is shifted to a higher temperature for
the deuterated vanadyl phosphate
compared to the protonated forms
This is evidence for proton motion as
the effect of increasing mass (proton 10
deuteron) should be to increase the
peak temperature (or equivaiently,
decrease the frequency at a given
temperarure)  The tsostructural
VOASsQ,*2H,0 shows similar Type |
peaks for both crvstalline and
polverystalline pressed powder sampies
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However, these peaks are consistently at lower temperatyre than observed for
VOPO,-2H,0. In this case no Type II peaks are observed.

Table 1 shows that the extrapolated zero frequency electric conductivity of
VOPO,*2H,0 at 294K falls with consecutive water loss from between the layers. A
Themmal cycling of the sample demonstrates that the higher conductivity of the hydrates s
associated with the water. Upon warming the sample of VOPO,*2H,0 above the
dchydration temperature, the condactivity smoothly drops to the lower value indicative of
VOPO,. The value for the deuterated form conveniently falls below that of the protonated
form. Though an isotope effect is implied, batch to batch sample variation might aiso
account for such an effect. In contrast to this intriguing behavior, the dielectric loss in the
corresponding V(IV) compound, VOHPO,)sH,0, is featureless. Also, its conductivity
is a factor of 250 lower than that observed for even VOPO,.

Stirring solid VOPO,*2H,0 with aqueous NaCl, results in sodium ion exchange and
the supematant becomes highly acidic. While the peak positions in the Type I €" are the
same, their intensities are reduced to 1/8 of the original and the Type I peaks disappear
altogether. However, the conductivity increases by a factor of 3 with an addition of only
2 mole % of sodium. This increase in conductivity is similar though proportionately
smaller than that observed among sodium redox intercalated compounds. In these
compounds, one of which is given in Table L, the Type I feature is extinguished.

Table L Conductivity' and Dielectric Loss Behavior of Selected Samples.

Conductivity Temperature (K) of Type I peak £" @
_(Seam™) = |Hz 10* 100 10°
VOPO,+2H,0 1.1x10* 13 16 20
VOPO,-H,0 3.0x10” 13 16 20
VOPOQ, 1.0x10* no peaks
VOPQ,+2’H,0 6.6x107 17 22 26
VOAsO,+2H,0 3x10? 10.5 12 14
Na, ,VOPO,+2H,0 3.6x10% 13 16 20
Na, ,,VOPO,+1.9H,0 1.5x10° no peaks
VO(HPO,)+5sH,0 4x10" no peaks

! Extrapolated zero frequency electrical conductivity a1 294 K

DISCUSSION *

The only structural difference between the monohydrate and the dihydrate are the
lack of the water molecule in position B. This results in a reduction in the ¢ spacing.
The dmappcamncc of the Type II relaxation in the monohydrate is correlated with the loss
of this water. The Type I relaxation correlates with the remaining water mn position A of
both mono- and dihydrate. and is not found in VOPO,

Prior to this study, four mechanisms for dielectric loss 1n the native vanadyl pructates
could be proposed: 1) an electron could be moving between V(IV) site and V(V) sites, 2)
a reorientation of the water dipoles may occur; 3) a proton could be exchanged between
water coordinated to a vanadium and water between layers, or 4) a proton could move
between 4 pnictate oxvegen and water between the lavers

The first two are readily eluninated  No change in vanadum oxidation siate s

ohserved upon loss of water, even though Type 1 and Ul features are lost, thus rubin, out
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1), Water dipole reorientation would only be shghtly diminished by sodium aon exs hanye
since only about 1% of the water is displaced. However, an §-fold decrease observed
Water dipole reonientaton will not account for this and seems highly unlikely.

Some proton exchange between a proton site and intralayer waters is consistent with
the data. The fact that the deuterated samples exhibit a pronounced isotope effect on the
peak position of €" is consistent with hydrogen i1on movement. A proton (or hydronium
ion) associated with a water would more likely be a bound particle than a sodium ion, for
which intercalation compounds show no bound-particle behavior. As the low temperature
features are either extinguished or greatly diminished and the conductivity is increased
upon addition of only 2 mole % of sodium (the same mole % as the V(IV)), these protons
are correlated with V(IV) centers. One might the speculate that the proton movement
may be associated with the acid nature of the V(IV). However, this is counterintuitive as
one would expect that the more highly charged V(V) center would be more acidic than
the VAV). Also, it might be thought that the less basic arsenate would temper the acidity
of the V(IV) less than the phosphate, and would induce a higher energy transition for
proton exchange. However, as seen in Table I, the Type I loss for VOAsO,+2H,0 is at
lower temperature (and energy) than that for VOPO,+2H,0.

A proton would be more tightly bound to 2 phosphate than to an arsenate following
the trend in Type I dielectric loss. The less acidic V(IV) would diminish the proton-
accepting ability of the phosphate less than V(V). This suggests that the proton exchange
occurs between the pnictate oxygen and an intralayer water, not between water
coordinated to a vanadium and intralayer water. This is supported by noting the ability to
form a V(AIV)-HPO, pair is seen in VO(HPOQ,)*H,0. The remaining difficulty is to
explain why VO(HPO,)*%H,0 has no low temperature dielectric features or conductivity.

The structure of VOPO,+2H,0 has four corner sharing phosphate oxygens forming an
equatorial vertices of psuedooctahedral vanadiums. However, the HPO, unit of
VO(HPO,)+%:H,0 has only three comer sharing oxygens with the other oxygen bonding to
the hydrogen. At a level of only 2 mole %, HPO, units may not even disrupt the fully
comer sharing nature of the phosphate in VOPO,+2H,0 and could be thought of as a
charged defect in the solid. In VO(HPO,)«:H,0, however, this unit is not a defect, but
the phosphate bound protons are without a nearby equivalent site to move to or any clear
path for conductivity. Thus it is expected that VO(HPO,)+¥%H,0 would have no bound
charge particle motion and would be an ionic insulator.

CONCLUSION

The hydrates of the vanadyl pnictates are characterized by a Brgnsted acid character
which manifests itself in dielectric loss features at low temperature and in chemical
evidence. It is speculated that the acidity is a factor of hydrogenphosphate units
associated with V(IV) centers. An alternate formulation of these compounds could
therefore be [VO(HPcO4)}x[VOPcQ,], ,*nH,0

This study has found interesting low temperature features in the vanadyl pnictates,
such as the unusual inequivalent well system More imporntantly, it gives suppon to the
utiity of low temperature complex impedance measurements in the rationalization o]
chemical behavior, and determination of the environment and energetics of layered
matenals Further investigation of other layered and intercalation systems 1s ongoing




ACKNOWLEDGEMENTS

This work was supported in part by the Naval Academy Research Council and the
National Science Foundation.

REFERENCES

-

o & koA

G. Cent, F. Trifiro, J.R. Ebner, V.M. Franchetti, Chem. Rev. 88, 55 (1988) and
references therein.

J.W. Johnson, AJ. Jacobson, J.F. Brody, S.M. Rich, Inorg. Chem. 21, 3820 (1982).
AJ. Jacobson, J.W. Johnson, J.F. Brody, J.C. Scanlon, J.T. Lewandowski, Inorg. Chem.
24, 1782 (1985).

J.W. Johnson, AJ. Jacobson, Angew. Chem., Int. Ed. Engl. 22, 412 (1983).

Crystal coordinates from HR. Tietze Aust. J. Chem. 34, 2035 (1981).

M. Tachez, F. Tanobald, J. Bernard, AW. Hewat, Rev. Chim. Miner., 19, 291 (1982).
C. R’Kha, M.T. Vandenborre, J. Livage, R. Prost, E. Huard, J. Solid State Chem. 63, 202
(1986).

N. Casaii, P. Amoré6s, R. Ibafiez, E. Martfnez-Tamayo, A. Beltran-Porter, D. Beltrsn-
Porter, J. Inclusion Phenom. 6, 193 (1988).

J.W. Johnson, D.C. Johnston, AJ. Jacsbson, J.F. Brody, J. Amer. Chem. Soc., 106, 8123
(1984).

MR. Antonio, R.L. Barbour, PR. Blum, Inorg. Chem. 26, 1235 (1987).

D. Ballutaud, E. Bordes, P. Courtine, Mater. Res. Bull., 17, 519 (1982).

JJ. Fontanella, M.C. Wintersgill, M.K. Smith, J. Semancik, C.G. Andeen, J. Appl. Phys.
60, 2665 (1986).




APPENDIX II

"Dielectric Relaxation Spectroscopy in Calcite"
by

A.J. Kotarski, M.C. Wintersgill
J.J. Fontanella, C.S. Coughlin
Physics Department
U.S. Naval Academy
Annapolis, MD 21402

and

Joseph F. Lomax
Chemistry Department
U.S. Naval Academy
Annapolis, MD 21402

88




89

DIELECTRIC RELAXATION SPECTROSCOPY IN CALCITE

Al. Kotarski, M. C. Wintersgill
J. J. Fontanella, C. S. Coughlin
Physics Department
U. S. Naval Academy
Annapolis, MD 21402-5026

J. F. Lomax
Chemistry Department
U. S. Naval Academy
Annapolis, MD 21402-5026

ABSTRACT

Audio frequency complex impedance measurements have been carried
out in vacuum over the temperature range 5.5 - 300 K on three types of
naturally occurring calcite. The measurements were made with the electric
field perpendicular to the cleavage planes and both parallel and
perpendicular to the c-axis. All materizals exhibit a 1000 Hz relaxation peak
parallel to the optic axis with a peak position of about 38K. This relaxation
is strongest in the Swakopmund (blue) calcite and appears to be associated
with a yttrium - (CO3)-3 ion pair. The Gallatin Mt. and the Mexican
samples show a relaxation at very low temperatures perpendicular to the c-
axis (1000 Hz peak at about 7K) which exhibits characteristics of a
tunnelling phenomenon and which is attributed to proton motion. Five other
relaxations are observed and their possible origins are discussed. Finally, a

quantitative description of most of the relaxations is given.




INTRODUCTION

In spite of the technological importance of calcite, there appear to
have been relatively few reports of the imaginary part of the dielectric
constant (dielectric loss), €". In the one paper which has been published
(Rao and Rao 1968) the work only extends from 80K upward and, no
relaxation peaks were reported. However, a preliminary report of ITC
(ionic thermocurrent) studies in calcite has been given (de Lima et al. 1988).
In addition, in a paper by one of the authois (Shelby et al., 1980) several
relaxation peaks in calcite were mentioned but were not described in detail
as the purpose of that paper was to establish values for the real part of the
dielectric constant, €'. In another paper (Link et al. 1981), one of the
authors has reported the effect of high pressure on the dielectric constant,
but again, dielectric loss was not reported.

In fact, dielectric loss is a powerful technique for detecting and
characterizing dipolar defects in materials. For example, the authors have
carried out extensive dielectric spectroscopy in fluorite and isomorphic
materials (Andeen et al. 1977, 1981; Figueroa et al. 1984a,b, 1987;
Fontanella and Andeen 1976; Fontanella et al, 1981, 1983; Kimble et al.
1982; and references therein) containing aliovalent dopant ions. A large
number of relaxations were catalogued and used to identify and characterize
various defects in those materials. In an attempt to obtain information
conceming defects in calcite, dielectric relaxation studies have been carried

out.
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EXPERIMENT

Naturally occurring calcite from Montana (Gallatin Mountain),
Southwest Africa (Swakopmund), and Mexico (Creel, Chihuahua) were
obtained from Ward's Natural Science Establishment, Inc. of Rochester,
New York. The Swakopmund samples were of a bluish-white marble color
with an opaque nature; the Mexican samples were of the clear Iceland Spar
variety; and the Gallatin samples were of a faint yellow color with only a
slightly opaque nature. Platelet-shaped samples were either cleaved or were
cut with the c-axis (optic-axis) parallel or perpendicular to the large face.
The samples were all less than 1.5 mm thick and of various shapes.

Aluminum electrodes were vacuum evaporated onto the surfaces in
either two-terminal or three-terminal configuration (with a 9mm central
guarded region in the core of the three terminal configuration). In most
cases the samples were finished using a 4/0 grit Carborundun polishing
paper. Complex impedance measurements were then carried out using a
CGA-82 microprocessor controlled bridge which operates at seventeen
frequencies between 10 and 105 Hz. Temperatures over the range 4.5-380K
were carried out in a precision Cryogenics CT-14 dewar controlled by a
Lake Shore Cryotronics DRC-82 temperature controller using a silicon
diode. Further experimental details are given elsewhere (Andeen et al.
1977).

The resultant values of the capacitance, C, and the conductance
divided by the angular frequency, G/m, were then transformed to the
imaginary part of the dielectric constant (dielectric loss) parallel to the c-

axis, €33, and perpendicular to the c-axis, €); as follows. The values of the
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real part of the dielectric constant, 8, at about 5.5K were set equal to 8.219
and 7.633 perpendicular and parallel to the optic axis respectively (Shelby et
al 1980). The value for the cleaved samples was taken to be 7.926. As
corrections for thermal expansion make a small contribution to dielectric
loss, it was assumed that the relative change in the dielectric constant is equal
to the relative change in capacitance. Finally, the imaginary part of the

dielectric constant was calculated using the definition:

€ =9-§‘—’
wC (1)

Further details of experimental techniques used to determine values for the
complex dielectric constant may be found elsewhere (Andeen et al.,1977).

In order to gain some information concerning the impurity content of
the samples, Fourier transform infrared (FTIR), x-ray fluorescence (XRF)
and 14.5 MeV neutron activation analyses (NAA) of the samples were

carried out.
RESULTS

The results for the imaginary part of the dielectric constant for
cleaved samples of each type of calcite at a frequency of 103 Hz and over a
temperature range of 4.8-230K are shown in Figure 1. The principal
relaxations for each material are apparent and their peak heights are given
in Table 1. Six relaxations were observed for the Mexican material (dashed
line) at temperatures of 7K, 13K, 38K, 121K, 168K and 220K and the

Gallatin sample exibited six relaxations at temperatures of 7K, 13K, 21K,
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38K, 168K and 220K. The Swakopmund sample (solid line) exhibited three
principal relaxations occurring at temperatures of 13K, 21K, and 38K
respectively. Interestingly, the least complicated spectrum is exhibited by
the Swakopmund material which, on the basis of the NAA studies, contains
the largest variety of impurities. This implies that many of the impurities in
the Swakopmund material do not give rise to a dipolar complex. The reason
for this behavior will be discussed later.

In order to obtain information concerning the symmetry of the defect
sites, measurements were carried out both parallel and perpendicular to the
optic axis on some of the materials. Typical results for the 1000 Hz loss
parallel and perpendicular to the optic axis are shown in Figure 2. It is
clear that the 13K relaxation is only seen when the optic axis was oriented
perpendicular to the electric field while the 38K peak appears parallel to the
optic axis. (Traces of the 38K peak are also observed perpendicular to the
c-axis but as the strength was at least 50 times weaker than parallel to the c-
axis this is attributed to uncertainty in the actual orientation.) Next, it is
clear from Figure 2 that the 121K peak is only observable parallel to the
optic axis. The 168K relaxation, on the other hand, is observable both
parallel and perpendicular to the optic axis, being about a factor of 3
stronger along the axis. Further, as is apparent from Figure 2, the
relaxation perpendicular to the optic axis is complex appearing to be
composed of at least two closely-spaced relaxations. Finally, when the
electric field is perpendicular to the c-axis, a very low temperature
relaxation, 7K, is observed.

In order to evaluate each of the relaxations quantitatively, a

characteristic relaxation time, T, was determined for each relaxation
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observed. The procedure was to construct plots of €" vs applied frequency
as shown for a typical data set in Figure 4. The relaxation time was taken to
be the reciprocal of the peak position i.e. ®maxt=1. Best values of ®Wmax
were obtained by best-fitting the empirical Cole-Cole expression (Smythe
1955):

e = (€L - €x)cos (0m/2)
2{cosh[(]1 - a)x] + sin(am/2)} )

to the data. « is the constant Cole-Cole parameter, €", and " are the low'
and ‘'high’ frequency limits of the dielectric constant where 'low' and ‘'high’
mean relative to the effects of the relaxation only and x = In(®t). The best-

fit results showed that:

6 - 6=

-3 >

€)

where A is a constant known as the dipole strength. The value of A is given
by:

A=Np2/3eckp “4)
N is the concentration of the dipoles, p is the dipole moment and &, is the
permittivity of free space.

In order to emphasize the sensitivity of the dielectric relaxation
technique, it is of interest to calculate typical concentrations for the defects
reported in the present work. For example, by comparison with data for
erbium in fluorite (Fontanella and Andeen 1976), for A=0.005 which is
typical for a weak peak, the concentration of dipoles would be on the order
of 5x10-6 % or 50 ppb. This is on the order of the peak height so that the
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sensitivity is at the ppb level.
Finally, Arrhenius plots were made for each relaxation. Figure 5
shows results from the 38K relaxation which are typical for all but the 7K

relaxation. It is ciear that Arrhenius behavior is observed and thus the

equation:

In (1) = E / koT + In (o) &)

was best-fit to the data where appropriate. E and 1, are constants known as
the activation enthalpy and the reciprocal frequency factor, respectively, and
kp is Boltzmann's constant. The best-fit parameters from both equations (2)
and (5) are listed in Table 2. For the samples which exhibit Arrhenius
behavior, all of the values for log10(To) are on the order of -12. This is
reasonable as it is typical of the reciprocal of a lattice vibrational frequency.
However, deviation from Arrhenius behavior was observed for two
relaxations. As shown in Figure 6, the Arrhenius plot for the 7K relaxation
in both the Mexican (Iceland Spar) and Gallatin calcites is non-linear. The
shape of the curves is characteristic of quantum mechanical tunnelling and
such phenomena are usually treated by the addition of a term linear in the

temperature (Toulouse and Nowick, 1988):

1/x = BT + (1/70)exp(-E/kpT) (6)

The results of the best-fit parameters are listed in Table 2. The values of
log10(to) for the 7K relaxation in the Mexican (Iceland Spar) and Gallatin

calcites, -9.2 and -8, are somewhat less negative than for the other
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relaxations all of which are on the order of -12. Those values are probably
an artifact of the fitting procedure and the extent of the data since, as can be
seen in Figure 6, the data dominated by the Arrhenius portion of the curve

were obtained over a limited range of temperatures.




DISCUSSION

General Observations

The results in Table 1 show that the spectra for samples from a
particular origin are quite similar, the existence of particular sequence of
peaks being characteristic of the origin of the samples. The data in Figure
S, where an Arrhenius plot of the relaxation times (peak positions) for
various samples is shown, emphasize how well-defined the relaxations are.
It is clear that data for a particular peak in different materials are virtually
indistinguishable and thus the activation enthalpy and reciprocal frequency
factor are unique for a given process. However, as might be expected, the
peak heights vary greatly from sample to sample. That implies that the
concentration of defects varies greatly from sample to sample, as is expected

for naturally occuring materials.

38K Relaxation

The 38K relaxation, which is observed parallel and not perpendicular
to the c-axis, is the only relaxation common to all three materials for the
temperature range covered by the present experiment. Consequently, the
impurity responsible for this relaxation should be observed in all three
materials. The NAA and XRF studies indicated that there are several
impurities which are found in all three materials. However, many of the
impurities are unlikely to give rise to a dipolar defect. For example,
strontium is found in all materials. It is not likely to give rise to a
relaxation peak as it is substitutional for calcium and from size

considerations is not likely to sit "off-center.” In fact, only very small
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isovalent impurities are likely to give rise to dielectric relaxation as they
may sit in "off-center" sites and thus may move between equivalent "off-
center” sites with the application of an electric field. This will be considered
later.

In fact, the strongest evidence is that the 38K relaxation is associated
with a defect site containing yttrium, which is an aliovalent cation. The
reason that such defects give rise to electrical relaxation is that when yttrium
is present either substitutionally (for calcium) or interstitially, charge
compensation is necessary and usually takes place via the addiiion of
oppositely charged entities to the lattice. When the charge compensators are
located near the yttrium a dipole results which can usually reorient with the
application of an electric field, hence the origin of a relaxation peak.

The NAA studies showed that yttrium is found in all materials and has
the lowest concentration in the Mexican material. This correlates with the
strength of the 38K relaxation which is weakest in the Mexican material. In
fact, a specific defect center containing yttrium has been proposed on the
basis of various electron spin resonance studies (Marshall et al. 1967). It has
been concluded that a (CO3)-3 forms in the vicinity of the Y3+ and that this
defect is stable up to at least SOOK. Further, Calderon et al. (1983) have
shown that unirradiated blue (similar to Swakopmund material) samples
exhibit a SOOK thermoluminescence (TL) peak. Both they and Lapraz and
Iaconi (1976) associate that peak with defect (such as Y3+) stabilized (CO3)-3
ions so that large numbers of such sites can exist in unirradiated, natural
calcite. The problem which remains is to determine whether such a site can

reorient under the application of an electric field and, more specifically, if
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the reorientation will take place along the c-axis. Marshall et al. (1967)
describe the yttrium ion as "an interstitial with equal probablility of being
slightly d’svlaced above or below the plane of the normal divalent carbonate
ions." Consequently, the equivalent positions for the yttrium ion are those
which are required for the 38K relaxation as they are located along the c-
axis. It will be of interest to determine whether the energy barrier for the
motion of yttrium ions between equivalent sites can account for the
activation enthalpy of 0.063 eV which is observed for the 38K relaxation.
The possible correlation between the S00K TL peak and the 38K
relaxation suggests several experiments. For example, it would be of
interest to heat the samples above 500K to look for any effect on the 38K
relaxation. The reason, of course, is that once a thermoluminescence peak is
observed, that defect center is destroyed and thus the 38K relaxation should
disappear if it is correlated with the SOOK TL peak. Such experiments are
underway. In the event that the correlation is verified, one consequence is
of particular interest. Specifically, dielectric relaxation would then provide
a non-destructive (either to the radiation effects or the physical properties)
method for evaluating radiation effects in calcite and hence would be of

interest in dating.

13K Relaxation

The 13K relaxation is observed in the same materials as the 38K
relaxation, though it is barely detectable in the cleaved Mexican samples.
However, the symmetry is opposite that of the 38K relaxation in that the

13K relaxation is only observed perpendicular and not parallel to the c-axis.
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Consequently, it is of interest to speculate that this relaxation is associated
with a different yttrium - (CO3)-3 ion pair. In fact, Marshall et al. (1967)
mention 24 centers about an order of magnitude lower in concentration that
the yttrium - (CO3)-3 ion pair discussed in relation to the 38K relaxation.
The type of center which might account for the 13K relaxation is a center
based on a substitutional yttrium rather than an interstitial. The motion
responsible for the 13K relaxation is proposed to be jumps of the (CO3)-3
ion in the planes of (CO3)-2 ions perpendicular to the c-axis. The reason
that this model is interesting is that it would be expected that the energy
barrier to motion in the plane of the (CO3)-2 ions would be quite small thus
explaining the very low (0.024 eV) activation enthalpy of the 13K
relaxation. In fact, at the lowest temperatures, the 13K relaxation shows
indications of the onset of tunnelling which would be consistent with

electron motion at low temperatures.

7K Relaxation

As has been discussed previously, the 7K relaxation exhibits
interesting non-Arrhenius behavior characteristic of tunnelling. This
suggests that the dipole reorientation may be due to the motion of electrons
or of a small ion such as a proton. The FTIR studies revealed two possible
origins for the 7K relaxation. First, via the absorption at 3550 cm-1
(2.8um), it was found that the Mexican and Gallatin Mt. materials contain
about the same amount of hydroxyl ions and that the Swakopmund sample
contains significantly less. Second, the FTIR studies in the vicinity of 2600

cm-! showed similar concentrations for the bicarbonate ion though the
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interpretation of the data is not as clear as that for the hydroxyl ions.
However, Cass ét al. (1974) have obtained evidence for and justified the
existence of bicarbonate ions in naturally occurring calcite. It is proposed
that the bicarbonate ion would enter the lattice in conjuction with a
monovalent substitutional such as an alkali metal ion.

Since the 7K relaxation is not observed in the Swakopmund sample,
the FTIR studies suggest that either hydroxyl or bicarbonate ions are
responsible for the 7K relaxation. In either case, the results imply that
dipolar reorientation takes place either in the planes of cations or planes of
anions since the 7K relaxation is only observed perpendicular and not
parallel to the c-axis. At present, it is not clear how hydroxyl ions can be
incorporated into the (CO3)-2 planes or how the associated proton motion
could be restricted to the planes of anions or cations. However, it is
straightforward to envision bicarbonate ions in the planes of the anions as it
merely requires addition of a proton to a carbonate ion. The dipole
reorientation could then take place via jumping of protons between
carbonate ions adjacent to a substitutional monovalent ion. Because of the
simplicity and plausibility of the model, the bicarbonate ions are favored as
the source of the 7K relaxation at the present time.

The dynamics of the motion have several characteristics similar to that
observed for the aluminum-hole center in a-quartz (Toulouse and Nowick,
1988). For example, it is apparent from Figure 6 that the relaxation time is
very similar in the two matenials but at higher temperatures the two curves
deviate from one another. That type of behavior was also observed in

quartz and the deviation at higher temperatures was attributed to defects.
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Further, as mentioned above, the shape of the peaks is more Debye-like at
the lowest temperatures as evidenced by the Cole-Cole parameter. Again,

this was observed in a-quartz.

Other Relaxations
Four other relaxations were observed in various samples of calcite.
The following discussion represents the best interpretation of each. It

should be kept in mind that the association in each case is not strong.

121K Relaxation

The 121K relaxation was only observed for the Mexican sample. The
NAA data indicate that there are four impurities which are unique to the
Mexican sample. One possiblity which is interesting is zinc. The presence
of zinc in the Mexican sample was confirmed by the XRF studies. Further,
this relaxation is only observed parallel and not perpendicular to the c-axis.
One way to associate this relaxation with zinc is if the zinc is substitutional
and has equivalent positions off-center toward the planes of (CO3)-2 ions.
This is reasonable because zinc is significantly smaller than calcium
(Shannon 1976)

168K Relaxation

As is apparent from Figure 2, electric relaxation is observed in the
Mexican and Gallatin Mt. samples in the vicinity of 168K both parallel and
perpendicular to the optic axis. In fact, the dielectric loss perpendicular to

the c-axis is complex consisting of at least two closely spaced peaks.
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According to the NAA studies, there is only one impurity which exists only
in the Mexican and Gallatin Mt. samples. The most likely possibility is
magnesium. However, it is not clear how magnesium could give rise to a
relaxation as there is no need for charge compensation. Again, magnesium
is significantly smaller than calcium, so that one possibility is that
magnesium occupies off-center sites toward interstitial positions. The
reason is that there are two inequivalent interstitial positions near a calcium
and thus the relaxation spectrum, particularly perpendicular to the optic
axis, would be expected to be complex. However, a more likely possibility
is that the relaxation is actually due to an unidentified substitutional-

interstitial impurity complex.

21K Relaxation

Next, a small relaxation is observed at 21K in the Swakopmund
sample though traces of the relaxation are observed in the Gallatin Mt.
material. The NAA studies indicated the presence of an impurity unique to
the Swakopmund sample. However, that impurity remains unidentified and
hence the origin of the 21K relaxation in natural calcite remains

undetermined.

220K Relaxation
Finally, there is a weak relaxation at about 220K which is observed in

the Gallatin Mt. and Mexican materials. The origin of that peak is unclear.
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CONCLUSIONS

It has been shown that the dielectric spectrum of calcite 1s
characteristic of the material from a given region. Consequently, this
technique is of geological interest as it has the potential for identifying the
geographical origin of the material. In addition, while further work is
necessary for demonstration, it may be that the dielectric spectrum is
characteristic of the time of crystal formation and thus this technique may
have applications in dating. These possibilities are particularly intriguing
since dielectric spectroscopy can be nondestructive since plate-shaped
samples are not an absolute necessity. In fact, dielectric spectrometers could
be constructed to sample any part of a specimen of any shape. In any event,
the results are of fundamental interest as a large number of dipolar defects
have been catalogued and characterized, both regarding energetics and
symmetry. By correlating the results with impurity analysis, infrared
spectroscopy and previously reported thermoluminescence studies, several
of the defects have been identified. Of most interest is the evidence that the
38K relaxation is associated with a yttrium - (CO3)-3 ion pair and that the

7K relaxation is attributed to proton motion perpendicular to the c-axis.
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Table 1. £"max for relaxations in Swakopmund, Mexican (Iceland Spar),
and Gallatin Mountain calcite at a frequency of 103 Hz and various

orientations.

Sample (Cut) 7K 13K 21K 38K 121K 168K 220K

Mexican Iceland Spar

#1(Cleave) 0.002 0.00017 0.022 0.0044 0.00006
#2(Cleave) 0.002 0.00008 0.001 0.004 0.0002
) 0.005 0.001 0.00067

() 0.005 0.0034 0.0042
Gallatin Mountain

#XCleave)  0.00045 0.00055 0.0005 0.0052 0.0018 0.0015
#XCleave) 0.0006 0.0014 0.00012 0.016 0.003  0.0002
#3Cleave) 0.00043 0.00041 0.00005 0.007 Noise

Noise

Swakopmund

#1(Cleave) 0.0002 0.0047

#XCleave) 0.0037 0.0015 0.051

#3Cleave) 0.008 0.003 0.10

#4Cleave) 0.004 0.002 0.099

(1) 0.022

() 0011 04
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Table 2. Relaxation parameters for the principal relaxations observed in

Swakopmund, Iceland Spar, and Gallatin Mt. calcite.

Sample(Cut)

Gallatin(cleave)
Mexican(1)
Gallatin(cleave)
Swakopmund( 1)
Gallatin(cleave)
Mexican( 1)
Mexican( /)
Mexican( /)

Gallatin(cleave)

T(K)

12
38
38
38
121
168
168

E(eV) logio(to(s) A(K)

0.0059
0.0076
0.0237
0.0631
0.0628
0.0634
0.2201
0.2907
0.298

-8.01

-9.20
-12.02
-12.26
-12.20
-12.29
-12.77
-12.53
-12.72

0.0047
0.0282
0.034
37.0

1.39
0.40
0.87
1.31
1.13

a B(K-)

0.09
0.08
0.07
0.13
0.08
0.03
0.05
0.04
0.02

253
328




FIGURE CAPTIONS

Figure 1. €" vs. T(K) for various cleaved samples of calcite at a frequency
of 103 Hz. Straight line segments connect the datum points. The samples
are: solid - Swakopmund; short dash - Mexican; dash dot (chain) - Gallatin
Mountain.

Figure 2. £" vs. T(K) parallel and perpendicular to the c-axis for Mexican
calcite at a frequency of 103 Hz. Straight line segments connect the data
points. The orientations are: solid - perpendicular to the c-axis; short dash -

parallel to the c-axis.

Figure 3. €" vs. T(K) parallel and perpendicular to the c-axis for
Swakopmund calcite at a frequency of 103 Hz. Straight line segments
connect the datum points. The orientations are: solid - perpendicular to the

c-axis; short dash - parallel to the c-axis.

Figure 4. " vs. log(f(Hz)) at two temperatures for Swakopmund calcite
cut to have a parallel orientation of the optic axis. Solid lines in the figure
are the best-fit Cole-Cole (Equation (2)) curves. The temperatures are: A -
35.0K; square - 36.8K.
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Figure 5. In (1) vs. 1000/T (1/K) for the 38K relaxation in the
Swakopmund, Mexican, and Gallatin Mt. calcites. The solid line in the
figure is the best-fit straight line (Arrhenius expression, Equation (5)) to the
data for the Mexican material. The samples are: A - Swakopmund parallel

to the c-axis; x - Gallatin Mt. cleave; square - Mexican parallel to the c-axis.

Figure 6. In (1) vs. 1000/T showing non-Arrhenius (quantum tunneling)
behavior in both the Gallatin and Mexican (Iceland Spar) calcite. The solid
lines are the best-fit theory based on Equation (6). The calcite samples are:

square - Mexican (Iceland Spar); A - Gallatin.
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